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FINITE ELEMENT SIMULATION ON TENSILE CREEP BEHAVIOUR OF
UNDERGROUND SUPPORT LINER
Guner D., Ozturk H.
Mining Engineering Department, Middle East Technical University, Ankara, Turkey
dogukan@metu.edu.tr
Abstract: Polymer-based products are widely used as load-carrying components in different structural applications due to the ease of
manufacture, installation, and long lifetime properties. In mining and tunnelling industry, fast-setting, thin polymer-based products are in
demand as an underground support liner. Researchers have agreed that the time-dependent material properties of underground support
liners have significance for short to long term applications. Although some creep tests were performed in literature, there is no available
study on the numerical analysis/simulation of the creep behaviour of underground support liners. In this study, viscoelastic mathematical
models developed for two different underground support liners were analyzed in ABAQUS finite element numerical modelling software with
a developed subroutine. After the implementation, tensile creep test specimens were modelled to verify the new subroutine. There are two
main purposes of the simulation of experiments; Firstly, to verify that the subroutine works in accordance with the actual behaviour of the
material, secondly, to obtain realistic creep behaviour results for cases where experiments were not performed. As a result, a good
agreement was obtained between the mathematical model predictions and numerical results for different stress levels. The proposed
subroutines may create a basement for future numerical studies.
Keywords: CREEP, THIN SPRAY-ON LINER, MINING, UNDERGROUND SUPPORT, FEM

1. Introduction
Table 1: Numerical TSL Studies in the Literature.

Support elements and systems have a crucial role to stabilize
excavations and to reduce inward movement of the rock mass.
Advancing deeper in underground mining has led to the necessity of
different types of support systems by the help of the technological
improvements1. Researches have extensively focused on the issues
of developing support systems. These studies have assisted in the
increase of various support systems with different functions. The
product “Thin Spray-on Liner” (TSL) is developed as an alternative
of widely used surface support materials, mainly shotcrete, in the
beginning of 1990s. TSL’s are fast-setting multicomponent
polymeric materials applied on rock surface with a few mm
thickness that have fairly high tensile strength, adhesion, and
elongation capabilities. They are recently still being used only at
around 150 mines and underground openings all around the world,
as the support mechanism and time-dependent material properties
are not fully understood yet. Laboratory tests and numerical studies
have significant importance to understand the support mechanism
and to make a comparison available for TSL products. Many
different laboratory test setups are available in the literature. Those
are creep, tensile strength, uniaxial compressive strength, punch,
bonding strength, double sided shear strength, plate pull, linear
block support, gap shear load, and coated core compression tests. In
addition to laboratory studies, numerical studies are widely used
tools in the last decade to simulate TSL laboratory testing and field
conditions. These studies are summarized in Table 1.

Authors
Tannant and Wang
(2003)5
Malan and Napier
(2008)6
Richardson et al.
(2009)7
Dirige and
Archibald (2009)8
Nater and MenaCabrera (2010)9
Guner and Ozturk
(2016)10
Guner and Ozturk
(2017)11
Li et al. (2017) 12
Komurlu and Demir
(2017) 13
Lee et al. (2018)14

Model purpose
Tensile, Block Punch
tests and tunnel model
Fractured underground
excavation (square)
Bending, Double sided
shear test
Underground
excavation (horseshoe)
Underground
excavation (square)
Tensile testing

Numerical method
Discrete element
Boundary element
Finite difference
Finite difference
Distinct element
Discrete element

Tensile and
compression testing
Gas permeability

Finite difference

Linear block support

Finite element

Linear block support

Finite element

Finite element

2. Materials and Creep Model
Numerical models were conducted for two widely used
underground support liner products. Product A has two
components; the liquid-component is a resin latex and the powdercomponent is a hydraulically curing powder based on special
cement. Components are mixed with 2:1 liquid-powder ratio by
weight. The tack-free time of the product was recorded as 30
minutes. Product B is a single component polymer-based powder in
spray applications on rock faces for surface support purposes. The
suggested mixing ratio is 2:1 powder/ water by weight. The tackfree time of the product was recorded as 5 minutes. It should be
noted that Product A has cured for 1 day, on the other hand, Product
B has cured for 2 days.

Researchers have agreed that creep properties of TSL’s being
important design parameters and that creep might become a serious
problem due to the polymer ingredients. Further research is needed
to evaluate the performance of polymer liners under sustained
loading conditions2.
Although some creep tests were performed in literature3,4, there
is no available study on the numerical analysis or simulation of the
creep behaviour of underground support liners..
In this study, viscoelastic mathematical models for two different
underground support liners were developed and analyzed in
ABAQUS finite element numerical modelling software with a
developed subroutine. After the implementation, tensile creep test
specimens were modelled to verify the new subroutine. There are
two main aims of this study. The first one is to verify the subroutine
acts in accordance with the actual behaviour of the material. The
second is to obtain realistic creep behaviour results where the
experiments were not performed.

Depending on the loading conditions and environmental effects,
polymeric materials can show different mechanical responses. They
generally exhibit strong viscoelastic behaviour at room temperature.
Creep is a time and temperature-dependent behaviour and many
different theoretical models have been used to describe viscoelastic
behaviour of the material. Most of them are based on simple models
consisting of springs and/or dashpots and try to describe the
viscoelastic behaviour of various polymeric materials.
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In this study, the nonlinear multi Kelvin–Voight modelling
approach, which can be obtained from rheological models, was
followed. The model is represented by Kelvin elements arranged in
series, and a single spring. The single spring provides the elastic
response and Kelvin elements provide the viscous response as
shown in Fig. 1.

3. FEM Implementation of the Multi Kelvin Model
In ABAQUS software, 5 different creep laws are available. These
laws are the power, the hyperbolic-sine, the Anand, the Darveaux,
and the double power. Although, these default creep models provide
significant convenience to the user, in some practical cases material
creep behaviours are typically of very complex form to fit
experimental data. Therefore, the creep laws are frequently userdefined via the use of user subroutine CREEP and included in a
generic time-dependent, material formulation. Multi Kelvin or
Voigt model is not standard model in ABAQUS and hence needed
to be incorporated via the CREEP user subroutine.

Fig. 1 Multi Kelvin (Voigt) model

In order to create the user-defined creep model in ABAQUS, the
elastic material behaviour should be defined first. In the creep
experiments, the instantaneous strain change that occurs when the
samples are sustained under constant load is called elastic strain
(εe). This elastic strain value also depends on the stress applied in
the experiments performed under the same curing time. The
parameter which controls the elastic strain behaviour is called the
instantaneous elastic modulus (E0), as mentioned in the previous
section. E0 values, presented in Table 2, depend on the applied
stress levels. The relationship between E0 and applied stress is
presented in Fig.2.

Each Kelvin element in the series represent time intervals.
Therefore, this model approach can be considered as suitable for
longer testing periods. Based on the relationship between the
constitutive elements, creep behaviour can be calculated as follows:

where σn is the applied constant normal stress level, E0 is the
instantaneous elastic modulus, ηi and Ei are the dashpot viscosity
and the spring stiffness of ith Kelvin element. ηi/Ei is the retardation
time (τi). To simplify calculations, researchers generally take
retardation times (τi) as constant values for different models. In this
study, τ1 was taken as 0.2 min and following retardation times were
taken as 10 times of the previous Kelvin unit.
The experimental tensile creep test results and creep models used in
this work have been reported by Guner and Ozturk (2019)4.
Equation (1) was used to fit corresponding experimental creep
curves using a computer routine providing a Levenberg-Marquardt
algorithm. The 4 nonlinear viscoelastic models were generated for
each product. Table 2 shows the model coefficients of the Multi
Kelvin (Voigt) model.
Table 2: Model Coefficients for Creep Models4

Product A
E0
21
38
52
65
E4
1.3
4.19
15.87
20.9
Product B
Stress (MPa)
K*
E0
1.46
4
28
1.10
4
116
0.74
3
140
0.37
3
205
Stress (MPa)
E3
1.46
1.94E+00
1.10
7.78E+00
0.74
1.31E+01
0.37
1.65E+01
*Number of Kelvin Elements
Stress (MPa)
1.06
0.79
0.53
0.26
Stress (MPa)
1.06
0.79
0.53
0.26

K*
4
4
6
6
E3
10.5
17.49
26.04
15.1

E1
1.45E+08
1.95E+07
9.18E+01
6.57E+01
E5
159.1
3590

E2
21
72.07
221.46
40.7
E6
16.3
20.4

E1
5.10E+01
6.59E+01
1.77E+02
3.26E+07

E2
1.25E+02
9.47E+01
4.14E+01
1.41E+02

Fig. 2 The relationship between E0 and σn
In this context, to specify the predefined field variables (E0) called
“UFIELD” in the software, the user subroutine was prepared by
using the relationship presented in Fig 2.
Since the instantaneous strain change occurs when the samples are
sustained under constant load, creep is not active in this step. It is
recommended that small times step compared to the creep time be
used in these steps. Therefore, this time step in which the sample
takes instantaneous strain was taken as 0.01 minutes.
CREEP user subroutine defines the increments of inelastic creep
strain as functions of the solution dependent variables, such as the
deviatoric stress, pressure, temperature, and time increment Δt15. A
general creep equation (equation 1) is required to be discretized to
fit available integration schemes. The derivative of the proposed
Multi-Kelvin model has been defined on the assumption that the
subroutine will be used with implicit integration. A user subroutine
CREEP was coded in Fortran by using the obtained model
coefficients. The validation of the developed creep model and the
previously extracted parameters was performed using a tensile creep
model.

E4
1.23E+01
5.68E+01

The mesh structure of the tensile creep sample formed in this
context is presented in Fig. 3. The meshed geometry consists of
rectangles with 20 nodes and 1488 elements (C3D20R). The
C3D20R element is a general-purpose quadratic brick element, with
reduced integration (2x2x2 integration points).

This multi Kelvin model was represented as a subroutine in
ABAQUS.
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Product B

Fig. 3 The mesh geometry of the specimen
In FE creep test validation, first of all, the simulations of
experiments were carried out for 4 stress levels in which the
experiments were performed. It should be noted that validations
were carried out with different subroutines for each product. At the
end of the analysis, the experimental data were compared with the
Multi-Kelvin model and finite element model results and highly
consistent results were obtained. The software outputs showing the
total strain values and strain distributions at the moment of rupture
in the Finite Element validation models prepared for two different
TSLs are presented in Fig. 4 and Fig. 5.
Product A

Fig. 5 FE creep modelling comparisons for Product B
For additional validation models, constant stress values of 1.27,
0.92, and 0.56 MPa were applied to the sample, respectively. The
strain-time graphs of the models under these stress values are
presented in Fig. 6. As testing duration varies from a few minutes to
2 months, for the better understanding of the behaviour, the first
100 minutes and the whole graph (log scale) are presented
separately. Besides, the failure envelope obtained at the end of the
experiments can be seen in the graphs.

Fig. 4 FE creep modelling comparisons for Product A
The second aim of this study is to obtain realistic creep behaviour
results for cases where experiments were not performed. Therefore,
in addition to the model validation studies, additional validation
models for Product B were performed to ensure that the creep
behaviour was consistent in the intermediate stress levels.
Fig. 5 FE creep modelling for intermediate stress levels
419
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As a result of the validation models, The correlation between the
experimental creep strain, Multi Kelvin creep model, and numerical
creep strain obtained using ABAQUS Finite Element Analysis were
found to be adequate.

Compression. 25th International Congress and Exhibition
of Tukey (IMCET 2017), Antalya, Turkey
12. Li, Z., Hussain, F., Mitra, R., & Saydam, S. (2017). A
numerical evaluation of using thin spray-on liners for coal
mine gas management. Journal of Natural Gas Science and
Engineering, 45, 747-760.

4. Conclusions
This study presents the numerical model implementation of the
generated viscoelastic creep mathematical models for two different
underground support liners. Multi Kelvin mathematical models
were introduced to ABAQUS finite element numerical modelling
software with a developed subroutine. After the implementation,
tensile creep test specimens were modelled to verify the new
subroutine. Since the instantaneous elastic strain part depends on
the applied stress levels, user subroutine UFIELD was used in this
section. The creep component was successfully modelled in CREEP
user subroutine employing a Multi Kelvin model. The developed
subroutines may be used as an input parameter in future large scale
numerical studies of time-dependent behaviour of surface support
liners.

13. Komurlu, E., & Demir, AD, (2017). A Numerical
Modelling Study on Performance of Thin Spray-on (TSL)
Liners. 25th International Congress and Exhibition of
Tukey (IMCET 2017), Antalya, Turkey, pp. 105-112
14. Lee, K., Kim, D., Chang, S. H., Choi, S. W., Park, B., &
Lee, C. (2018). Numerical approach to assessing the
contact characteristics of a polymer-based waterproof
membrane. Tunnelling and Underground Space
Technology, 79, 242-249.
15. Daver, F., Kajtaz, M., Brandt, M., & Shanks, R. (2016).
Creep and recovery behaviour of polyolefin-rubber
nanocomposites developed for additive manufacturing.
Polymers, 8(12), 437.
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FAILURE CHARACTERIZATION OF ROCK ANCHOR BOLTS BY THERMAL
CHANGE DETECTION UNDER TENSILE STRENGTH TESTING
Asst. Prof. Dr. Mustafa Erkayaoğlu1, Alper Kırmacı1.
Faculty of Engineering-Mining Engineering Department-Middle East Technical University, Turkey1
emustafa@metu.edu.tr
Abstract: Rock bolts are widely used in tunnels, underground openings, and also rock slopes to provide support and attach blocks to the
rock mass in various engineering fields. They have a significant role for the stability of underground structures and natural rock slopes both
in the mining and civil engineering industry. The understanding of the rock bolt behavior under stress conditions plays a key role in the long
term stability and sustainability of rock slopes, nearby structures, and underground openings. The detection of the failure type and the
investigation of failure behavior can be supported by thermal imaging of certain regions on the anchor bolt during tensile testing. In this
context, anchor bolt behavior under tensile testing with a force controlled testing environment was analyzed with a LWIR (Longwave
Infrared) thermal camera. The heat dissipation during experiments was recorded by a thermal camera together with the force reading from
the hydraulic press data logger. As a result of the experiments, it was seen that there is a relation between the temperature change and bolt
failure behavior. Therefore, it is expected that this study will provide an opportunity to detect the failure characteristics of the anchor bolts
under tensile strength test by the help of infrared thermal camera.
Keywords: ROCK BOLT, ANCHOR BOLT, TENSILE STRENGTH TEST, PULL-OUT TEST, INFRARED THERMAL CAMERA,
FAILURE CHARACTERISTICS OF BOLT

types are investigated for bolts under tensile loading, bolt- grout
interface failures where the bolts are pulled out of grout, slipping of
the bolt with grout from the rock, and failure of the rock
(Brown,2015; Yang, Thota & Zhao, 2015). There are suggested
design methods for each type of these failure modes. To prevent the
failure, possible failure region of the bolt should also be well
defined. By considering the failure region, more reliable and critical
bolt selection and design can be performed. Figure 1 shows the
failure modes of rock bolts.

1. Introduction
The main purpose of mining activities is extracting the
resources for energy generation and raw material requirement.
Because of the decreasing availability of the shallow resources,
importance of operating underground operations has increased and
will become more crucial in the near future. For this reason, new
resources are explored consistently. The exploration of new
resources aims underground mining operations that could be
operated safely and more efficiently. Rock mechanics is a field of
research that focuses on the analysis of rock behavior under stress
and tension conditions. It has a crucial role for underground
activities. Therefore, integrating new technologies such as thermal
cameras, acoustic emissions, high speed cameras, etc. to mining
industry, especially rock mechanics, plays a key role for safer and
more efficient mining.
Rock bolts are defined as long anchor bolts and are used for
stabilizing rock excavations for engineering purposes. The main
aim of using of rock bolts is to transfer the load from the unstable
object to a stable object. The correct design of the rock bolts is very
substantial for safety and sustainability of mining operations (Hoek,
Kaiser & Bawden, 2000; Peng & Tang, 1984). To ensure the
continuity, capacity of bolts, and possible failure types should be
known properly (Ballarini, Shah & Keer, 1986). This knowledge
can be achieved by performing experiments in laboratory
environment and on field.
To determine the strength of the rock bolts, some experiments
can be carried out. In laboratory testing, tensile strength tests can be
performed to determine the yielding force and the maximum tensile
force that the material can withstand. As a result of such
experiments, the structures can be designed in the light of
information regarding the strength of the required support. On site,
pull-out tests are carried out to determine the maximum tensile
force to pull the bolt from the rock surface regarding the testing
equipment used. This study involves the tensile testing and pull-out
tests of rock bolts for a specific site. As a result of the experiments,
the capacities of bolts and failure types were compared.

Figure 1: Failure modes of rock bolts under tension (Pease & Kulhawy,
1984)

Based on these reasons, this article aims to provide an
application of thermal imaging to detect failure type and failure
behavior of rock bolts under tension. The results are based on
laboratory testing and also pull-out tests conducted on site. This
provided an insight to the field conditions of the rock mass that is
planned to be supported by rock bolts. The isolated environment of
the rock mechanics laboratory might cause deficiencies in
representing the surface conditions of the rock mass and also the
impact of weathering and other environmental conditions.

Laboratory tests were monitored by a longwave infrared
thermal camera to detect the failure region of the bolts during
loading stages. The reason of utilizing the thermal camera instead of
a video camera is to track the change in the temperature along the
failure region of bolt and try to related it with the failure region.
Researchers in this field commonly worked on finding out the
failure modes of rock bolts by experimental testing. These failure

421

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 10/2019

2. Objectives and Methodology
The samples used in the experiments were steel rods of two
different types, which are non-ribbed and ribbed type. Non-ribbed
steels have rather a flat surface whereas rods with protruding
surface are named as ribbed steel. Ribbed steels have greater tensile
strength compared to non-ribbed steels. They provide better
interlocking properties when used together with rock minerals. By
these ribs, the displacement of the steel material within the rock
mass becomes more difficult. Ribbed steel types of rods were used
for the experiments within the scope of this study. According to the
technical specifications about the steel, their minimum yielding
strength is 420 MPa and the minimum tensile strength is about 500
MPa with a minimum final elongation is 10%. These values were
compared with the experimental results.

Figure 3: Uncooled longwave infrared thermal camera

Methodology of this study covers the field tests and laboratory
tests of rock bolts. On site, ten pull out tests were conducted and the
results were recorded. Different types of grout and epoxy were used
to test the adherence of the contact surface between the rock mass
and the rock bolt. In laboratory testing, tensile strength tests of rock
bolts were performed. One of the tests was monitored by an infrared
thermal camera. The infrared thermal camera was placed in front of
the sample at about 1 meter distance for safety precautions. The
temperature changes recorded on the rock bolt could be followed by
the software of the thermal camera. In this software, an average
temperature curve on selected lines and a histogram plot can be
visualized in real-time and also as a recording. The maximum and
minimum temperature values on selected lines can also be recorded
as separate profiles. These values were monitored during the
laboratory experiments. As a result of this thermal camera
recording, the difference between the maximum and the minimum
temperature provided the temperature increase on certain regions of
the sample. Hence, certain relations could be examined between
stress concentration points and temperature increase. The graphical
user interface of the infrared thermal camera software can be seen
in Figure 4.

The reason of using thermal imaging technology in rock
mechanics experiments is that an essential engineering field should
always be improved by integrating new technologies to achieve
more reliable data at critical time intervals. The current devices
used for rock mechanics testing can be misleading because of the
weak remote sensing capability of the equipment. Hence, some
inferences must be made for interpreting the results of experiments.
By integrating new technologies to this research field, these
inferences can be minimized to a certain extent and can be based on
more information.
The objectives of this study can be summarized as to achieve
more detailed and visual data about the failure moment of rock bolts
and to compare field and laboratory test results. It was planned to
investigate the concept whether stress concentration points are
related with temperature increase on the tested sample or not.
Regarding this problem, some laboratory experiments on the bolt
samples were performed at the rock mechanics laboratory with a
load controlled equipment. One of the tests was monitored by a
longwave infrared thermal camera to collect thermo-images. The
load controlled testing machine was used for tensile stress
determination. In addition, some field experiments were performed
to compare the laboratory and field test results. Figure 2 and Figure
3 represent the experimental setup and the infrared thermal camera
that was used, respectively.

Figure 4: Interface of the infrared thermal camera software

There are research questions related to the utilization of
thermal cameras, such as the aim of using this equipment or the
available technology. According to Fematek (2018), the reason of
utilizing this equipment is that thermal energy is observed at the
range of infrared, which cannot be seen with naked eye by human
beings. Thermal cameras convert the readings about heat to images
and figures that can be interpreted easily. The long wavelength
infrared thermal cameras work in 8-14 micron band, mid
wavelength infrared thermal cameras work in 3-5 micron band, and
short wavelength infrared thermal cameras work efficiently in
ranges up to 1.5 micron. At room temperature, the wavelength
emitted from an object is at most about 10 microns. At 300º C
temperature, the wavelength emitted by an object is approximately
5 microns. The sun wavelength emits around 0.5 microns.
Therefore, the most ideal thermal camera setup for laboratory
testing of samples is commonly suggested as a long wavelength
infrared thermal camera as it was chosen for this study. The reason
of utilizing an uncooled thermal camera system is that the cooled
systems are much more expensive and require maintenance
Figure 2: Experimental Setup, Force controlled test machine
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frequently because of the separate cooling apparatus. Cooled
systems are preferred mostly for long distances whereas uncooled
systems do not operate together with cooling systems of the
detectors. These detectors are named as micro bolometers and the
temperature change in the object is converted to electrical signals.
Uncooled systems have to work with longwave infrared thermal
cameras whereas cooled systems can be operated with middle wave
and longwave infrared thermal cameras. Resolution of the thermal
camera used in this study is 640 x 480 pixels which provides a
comparably better detail in images than cameras with 160 x 120 and
320 x 240 resolution. The first stage of the determination of tensile
strength of rock bolts was based on the pull out tests on site.

3. Experimental Results
Figure 5: Dimensions of the anchor bolt

The experimental studies were divided into two stages, pull-out
tests and laboratory tests of the rock bolts.


The samples were attached to the testing machine which has
500 kN capacity. The test results can be seen in Table 2.

Pull-out tests

Table 2: Tensile Strength Test Results

Pull out tests were performed on site. Five samples with 90 cm
length and five samples with 120 cm length were tested by using
different chemicals as bonding material between the inner surface
of the drilled hole in the rock mass and the rock bolt. The results are
summarized in Table 1.
Table 1: Pull-Out Test Results

Sample Nr.
K1
K2
K3
K4
K5
U1
U2
U3
U4
U5

Anchor
Length (cm)
90
90
90
90
90
120
120
120
120
120

Chemical
Epoxy
Grout
Epoxy
Epoxy
Grout
Grout
Epoxy
Epoxy
Grout
Epoxy

Test Result
(kN)
285.09
380.12
380.12
380.12
380.12
380.12
142.55
380.12
380.12
380.12

Anchor
Length (cm)

Yielding
Force (kN)

S1
S2
S3
S4

95
95
95
95

248.40
226.75
234.47
226.80

Max.
Tensile
Force (kN)
308.19
295.30
293.60
291.60

When the test results are evaluated, all samples have more
bearing capacity than the required technical specifications.
Although they have enough capacity, test results do not give exact
information about failure type and failure region. At this point,
requirement of new technologies arises. In this context, one of the
experiments was monitored by an infrared thermal camera. By
recording this test, possible failure regions and failure type of the
rock bolt were investigated.

4. Thermal Response
When the test result was monitored by the thermal camera, it
was seen that temperature increase on the failure region is related
with failure type and failure region of the sample. Figure 6 shows
the relation between the temperature increase at certain regions and
the force that is applied on the bolt.

The results in Table 1 show that the maximum force that can
be withstand by the rock bolt was approximately 380 kN. However,
this should not be misinterpreted as the samples did not fail at this
load. The samples can withstand more, but due to safety precautions
of the testing team on site and the capacity of the testing equipment
the experiments were finalized before the material yielded
completely. By considering the technical considerations of the
project where the bolts were planned to be used, 250 kN was
determined as a minimum threshold value defined for bolt capacity.
Hence, only 1 sample result did not satisfy the required capacity
stated in the technical specifications. When the different chemical
types were analyzed, it was seen that bolts used together with grout
achieved a stronger adhesion than samples which were used
together with epoxy. Although the pull-test results were successful
in representing the site conditions in a more realistic manner, the
technical capacity of the testing equipment limited the tests.
Therefore, a set of experiments were also performed in the rock
mechanics laboratory.



Sample Nr.

Tensile Strength tests

Tensile strength tests were performed at the rock mechanics
laboratory where four samples with dimensions as seen in Figure 5
were tested.
Figure 6: Relation between force and temperature increase on the failure
region
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It can be seen that the temperature decreased to 30.5ºC until
yielding point. After that, it remained constant at approximately
30.5ºC. When the force started to increase again until failure, where
the maximum tensile force was recorded, the temperature started to
increase again within this region. Finally, temperature achieved the
peak value which was recorded as 33ºC.

5. Results and Discussion
Ten anchor bolts were tested on site by pull-out tests with
different chemical types. The results showed that bolts have enough
capacity by considering the technical specifications and the capacity
also depends on the used chemical. Rock bolts with grout could
withstand more force than bolts applied with epoxy. Therefore,
selection of the chemical is a very important criterion for field tests.
Since the bolt is placed inside the rock mass by means of a drilled
hole, the pull-out tests could not be monitored by a thermal camera.

As a result of the laboratory experiments, it can be said that the
temperature increase in certain regions of the rock bolt is directly
related with the possible failure region. Thermal images also give a
clue about the failure type. Figure 7 and Figure 8 show the thermal
image of the bolt at yielding point and failure point, respectively.
The temperature range is represented by a color range defined in the
thermal camera software.

Four anchor bolts were tested at the rock mechanics laboratory
by tensile strength tests. As a result of the experiments, all bolts
have enough capacity by considering technical specification. As for
the thermal behavior, there is an expected increase of temperature at
the failure region of the sample. Tests recorded with the thermal
camera showed that there is 2.5ºC temperature increase at failure
region.
Hence, there is a relation between the failure characterization
and temperature response, the integration of new technologies will
provide more information about failure behavior of the samples in
the near future.

6. Conclusion
Rock mechanics plays a significant role for the stabilization of
structures and is therefore essential for mining and civil engineering
industry. The detection of the possible failures of engineering
material must be performed in detail. In this context, new
technologies such thermal cameras, high-speed cameras, acoustic
emission systems can be integrated to field. This will help to
detection of the failure behavior of samples easily. These devices
provide more reliable and detailed data about failure behavior of the
samples. This study provided a preliminary implementation of a
thermal camera setup for tensile strength testing in the laboratory
where a temperature increase of 2.5ºC was recorded at the failure
moment. Although the capacity of the load controlled testing
equipment was also not sufficient, similar to the pull-out test
equipment, it was possible to record the thermal behavior during
testing.

Figure 7: Thermal image of the anchor at yielding point
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Abstract: The result of each measurement consists big or small measurement uncertainty. Many sources of uncertainty, especially in
industry measurements, are not well studied and require further researchment. Therefore, it is important to have good knowledge about
measurement uncertainty in order to minimize as much as possible.
The results of performed analyse and the study of the opportunities for application of the method of linear regression for determination
the calibration curve of the measurement device are presented in this paper. The researchment refers to the assessment of the measurement
uncertainty type A and B, as well as the combined and extended uncertainty of the measurement result.
By the fulfillment of the assumption for realization of an engineering experiment, with possession of mathematical, technical and
practical experience of the operator and the computer supported analytical process, the calibration curve of the measurement device is
determined, as well as the extended uncertainty of the measurement result. In this way, a stable measurement process will be achieved, a
consistent measurement result, with an increased level of confidence.
KEY WORDS: measurement uncertainty, linear regression, calibration curve.
R – residuals (measurement uncertainty type A).

1. Introduction
As a consequence of the action of numerous factors which
cannot be controlled, the conditions for experiment realization are
constantly changed. Therefore, an uncertainty exists at the result of
each measurement which may occur in any segment of the
measurement process, as well as in the links between segments.

True value

The result of the engineering experiment that is subject to
analysis, contains measurement uncertainty which is the summary consists of two components type A and B. Their relationship
depends on the used measurement device as well as the conditions
in which the experiment is realized.

xt

Measurement
process

Measured value
xm

.........

Measurement process testing is usually realized by applying of
models. Generally, the model is used to assess the original system
or to make conclusions about its behaviour. We use a deterministic
model for the analysis in our case where the seria of measurements
can be conceptualized as a measurement process, where the true
value of the measurement size xt is an input of the measurement
process and the process produces the measured value xm, as its
output (Fig. 1).

x1, x2,..…. xn

IMPACT VALUES

Fig. 1Schematic view of the model for estimation of the measurement
uncertainty [2]

According to the probability for occurrence, the total
measurement uncertainty is divided into two components: [2]

Mathematic model of the measurement process [1] will
be:
(1)

Measurement uncertainty type A – U(a): Factors which
contribution to the measurement uncertainty can be assessed using
the statistical distribution of measurement results. The measurement
uncertainty type A is displayed as scattering of the measurement
result. In the series of measurements when measuring the same
value of the measurement size, different measurement results are
always obtained. In order to determine the average and the standard
deviation of each point of the measuring area, several measurements
are realized.

xm= xt+f(xt)+R or xm- xt =f(xt)+R
where
xm – measured value of the measurement size,
xt – true value of the measurement size,
f(xt) – measurement uncertainty function – calibration
curve (measurement uncertainty type B),
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Measurement uncertainty type B – U(b): Factors whose
contribution is assessed in other ways, by other means and in
relation to other laboratories (with plans for taking a representative
sample, by experience e.c.t.).

2. Preparation, planning and realization of the
engineer experiment
Calibration curve of the measurement device f (xt) and the
standard deviation of the measurement uncertainty type A, 2, will
be determined through an analytical process, by realization of a
certain number of measurements n, through the measurement area
of the device, in a pre-specified measurement conditions. Series of
true values xt are in fact values of referent measuring sizes (etalons).
On that way is created a set of data with n values of referent (xt) and
the calibration points - averages of the measured (xm) values.

Function of the measurement uncertainty (measurement
uncertainty type B) according to changes dependent on the
measurement size, is divided into three components: additive,
multiplicative and nonlinear errors [3]. Moreover, additive
component of the total uncertainty does not depend on the
measurement size. Examples of sources of additive error: measuring
system displacement from the zero position, drift e.c.t.
Multiplicative component is changed in proportion to the
measurement size. Sources of a multiplicative component are
factors which have influence to the measurement devices
parameters. Nonlinear component of measurement uncertainty
includes members of the second or higher exponent of the
measurement size.

Several measurements are realized in order to estimate the
impact of measurement uncertainty type A in each calibration
curve. Average of a series of measurements is considered as
representative of the behavior of the measurement device in the
calibration point, i.e.by fulfilled conditions for normality of the
measured values and homogeneity of the variations can be
considered that the calibration point - the average of the
measurements contains only the measurement uncertainty type B.
Only one measurementin each calibration point is usually realized
in the automatic regulation process.

In addition to the basic components of the measurement
uncertainty, it is also defined [2]:
• Combined measurement uncertainty U(c)

UC 

U2A  U2B

(2)

• Extended measurement uncertainty U:

U  k  UC

(3)

While determining the mathematical form of the calibration
curve f (xt) (determination of polinom function degree) should be
taken into account that has a critical impact on the quality of the
measurement uncertainty assessment. Shape of the calibration curve
f (xt) depends on the nature of the measurement system and the
specific reasons for uncertainty. Higher order parametric function
better reflects the relation in the set of values (reference and
measured). This can be seen by the correlation coefficient, which is
higher, but also is more practical to not work with more complex
function than is necessary. For optimal realization of such an
experiment, the function of the calibration curve f (xt) should
always be some compromise between theory and practice.

Where k is an extension factor. The value of the factor is
chosen depending on the confidence level of the measurement
result.
Table 1: Extension factor (according addition of GUM) [4]

Confidence
level P%

68,27

90

95

95,45

99

99,73

Extension

1

1,645

1,960

2

2,576

3

If the calibration curve f (xt) contains p parameters, the number
of points (pairs) of calibration base should be at least n = p +1, in
order to calculate the required elements in the analysis. That is the
minimum required number of measurements (pairs of values). More
number of measurements is better in a statistical point of view, but
this is also a question of time, effort and resources used in the
creation of the calibration database.

Processing of the measurement results and determination of the
calibration curve for the experimental measurement equipment, is
done through realization of specific iterative procedure:

factor k

1) As a first step in the process of determination the
calibration points from the set of measured values, harsh errors are
identified and eliminated.Harsh errors are clearly perceptible errors
that significantly exceed the boundaries of the analyzed
measurement process. After identification of harsh error using the
Grabs method [3], this error is excluded from the measurement
result.

Calibration [5] is a set of procedures that establishes a
relationship between the values of the size indicated by the
measurement device or measurement system, or the values
representing a materialized measure or reference material with
appropriate values of the achieved etalon, under certain conditions.
According to [6], the calibration of the measurement device can be
expressed by an uncertainty statement, shown as calibration
function, calibration curve or calibration table.

2) In order the average of the measured values at each
calibration point to be considered as relevant for further processing
and performing valid conclusions, it is necessary to perform testing
for meeting the requirements for normality of the measured results
and homogeneity of variations. This is done by testing hypotheses
using multiple tests:

The aim of this paper is to present in a systematic way the
procedure for experimental statistical identification of the
calibration curve of the measurement device and its display as a
polynomial function using the method of linear regression.
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 for testing of normality - test,  - test, Anderson – Darling,
Ryan – Joiner, Kolmogorov – Smirnov test, by using of
probability diagram or by p - value analyse e.c.t.
 for testing of homogeneity  z – test, Student t – test, Fisher
F – test e.c.t.
3)
If the conditions for normality of the
measurement results and homogeneity of variation are fulfilled, the
averages of the series of measurements are calculated. On that way,
the calibration points are obtained, for which can be considered that
contain only measurement uncertainty type B.
4)
Scape of the calibration curve f (xt) will be
determined by visual testing of the diagram, where on the y-axis
will be calibration points - averages (xm-xt), and on the x-axis real
(etalon) values xt.
5) Regression analysis will be made with the assumed f
(xt). The correlation coefficient will be an indicator of the quality of
the selection of the calibration curve. Higher correlation coefficient
means greater connectivity of measured values and reference values
. In case [1] the correlation coefficient is less than 80%, the selected
calibration curve f (xt) is not appropriate for the set of values and
selection of new calibration curve and repetition of the whole
procedure is needed. The function obtained on that way is good and
the standard deviation of measurement uncertainty type A can be
calculated.

ТEST 

1,22
n

In our example, n = 5, and for the test value, the obtained value
is 0.55.In our example, the largest (in absolute value) Dmax=0,3is
achieved in the measurement point number 4, which is less than the
value of TEST. Based on this, it can be concluded that the
measurement results for the seventh calibration point do not deviate
significantly from the normal distribution.
Homogeneity of the variations in the database will be tested by
the application of Fishers F-test. The basic and alternative
hypothesis is are:
Ho Two samples belong to the same basic set of values.
HA Two samples do not belong to the same basic set of values.
We calculate F-test indicator. The subject of analysis in our
case will be calibration points number 6 and 11 (the point with the
smallest and bigest standard deviation). The first sample (item 6) n

x 6=9,992 S62=0,00007056. The second sample (item 11) n =

= 5,

5, x 11=15,016 S112=0,00027889. The value of F is 3.95. Value
Fcrit ([8] p. 563) for q = 0,05 Fcrit=6,33 while for q=0,01 Fcrit=15,98.
Because in both cases, F<Fcrit, we can confirm the reliability of the
base hypothesis.

3. Results



In order to illustrate the above procedure an experiment with a
relatively small number of measurements is realized (in our
example 11 calibration points with 5 measurements at each point –
Table 2). Basically, this means determining the calibration curve of
the measurement device through a small number of measurements,
which results on optimization of the time spent, engaged resources
and costs for experiment realization.

Selection of the calibration curve function of the
measurement device

Measurement uncertainty

0,02


Harsk errors identification and elimination
In accordance to Grabs criteria [3] for cutoff value10% (process
measurements) Gcrit=1,77. Since all values of Gmax and Gmin are
smaller than Gcrit (maximal value G=1,63 in the fourth measurement
point), the hypothesis of existence of a harsh error in the set of
realized measurements is rejected.

Calibration curve in second degree polynom shape
0,02

0,01

y = 0,0007x2 - 0,0134x + 0,0632
R² = 0,7326

0,01

0,00

5,00

6,00

7,00

8,00

9,00

10,00 11,00 12,00 13,00 14,00 15,00 16,00

-0,01

Reference values

-0,01

Calibration curve in third degree polynom shape
Measurement uncertainty

0,02



(4)

Checking the normality and homogeneity of variation in
the calibration database,

Checking the normality of distribution of the obtained results
for each calibration point will be made by testing the hypotheses
using Kolmogorov-Smirnov test and by p - value analyse, for
confidence level 90% (process measurements).This kind of
checking the normal distribution of the measurement results is
realized for each calibration point.

0,02

y = 0.0001x3 - 0.0028x2 + 0.0194x - 0.0323
R² = 0.894

0,01
0,01
0,00
-0,01

5,00

6,00

7,00

8,00

9,00

10,00 11,00 12,00 13,00 14,00 15,00 16,00

-0,01

Reference values

Although it relates to series with a relatively small number of
measurements (five measurements at each point), all series of
measurements show a high degree of adherence to the normal
distribution (the smallest value p = 0.142 at measurement point 4,
but still greater than the cutoff value 10%).
Kolmogorov-Smirnov test with allowable error of 1%, for
confidence level 90% (process measurements), value is calculated
by the following formula [7] 
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around the estimated value can be determined. For example, the
measured value xm=14,80. By replacing this value in the following
function xm - xt= 0,00012xt3 - 0,00283xt2 + 0,01939xt - 0,03230, and
solving the function it is obtained xt = 13,10, and for the confidence
interval 1,645(P=90% probability of production measurements
distribution) it is obtained 0,113. That means that the estimated
value of the calibration point will be located in the interval
xt=14,630,113 к=1,645, P=90%.

0,020

Measurement uncertainty

Calibraton curve in fourth degree polynom shape
0,015

y = 0,00001x4 - 0,00014x3 + 0,00086x2 - 0,00305x +
0,01624
R² = 0,89758

0,010
0,005
0,000
4,00

6,00

8,00

10,00

12,00

14,00

16,00

-0,005
-0,010

Reference values

4. Conclusion

Fig. 2 Calibration curves in second, third and fourth degree
polynom shape

The calibration curve of the tested measurement device with
controlled costs for the work of the laboratory is determined by
optimal realization of such an experiment. The implementation of
this method allows accrual determination of the estimated value and
the confidence interval, correction of the measurement results, as
well as control the accuracy of the measurement device during its
exploatation and determination of the moment for starting an action
for improvement the metrological characteristics of measurement
device. Due to its simplicity the displayed method is especially
efficient and practice in its application in conditions different from
the laboratory conditions.

Due to the significantly bigger correlation (Fig. 2) coefficient at the
fourth degree polynomial (which associates to bigger connectivity
of the measurement uncertainty, i.e. the measured values with
reference values), the fourth degree polynom shape is adopted as a
calibration curve for the tested measurement device. It can be
noticed that increasing the degree of polynomial function does not
significantly increase the correlation coefficient and further
increasing the degree of polynomial function would be irrational.


Checking the normality of the residuals

The determination of the calibration curve of the measurement
device, above all, must be in function of customer satisfaction for
the services of the measurement device, especially the customer
requirements regarding the reliability and confidence in the results
of the realized measurement.

Checking the normality of distribution of the residuals for the
calibration curve will be made by testing the hypotheses, using the
Kolmogorov-Smirnov testand by p - value analyse (Fig. 3), for
confidence level 90% (process measurements). The value of the test
indicator, according to (4) is 0.367.
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TABLE 2 Measured values at measurements realized in whole measuring area of the measurement device

REF.

FIRST

SECOND

THIRD

FOURTH

FIFTH

MEASURE

STANDARD

NB.

VALUE

MEASURE

MEASURE

MEASURE

MEASURE

MEASURE

AVERAGE

ERROR

DEVIATION

1

5,00

5,01

5,00

5,01

5,00

5,02

5,008

0,008

0,0084

2

6,00

6,00

6,02

6,01

6,00

6,02

6,010

0,010

0,01

3

7,00

6.99

7,00

7,01

7,01

7,00

7,002

0,002

0,0084

4

8,00

8,01

8,00

8,01

8,00

7,98

8,000

0,000

0,0123

5

9,00

9,00

8,98

9,00

9,02

9,01

9,002

0,002

0,0148

6

10,00

9,99

10,00

9,98

10,00

9,99

9,992

-0,008

0,0084

7

11,00

10,98

11,00

10,98

11,00

11,02

10,996

-0,004

0,0167

8

12,00

11,98

12,01

11,98

12.00

12,00

11,994

-0,006

0,0134

9

13,00

12,98

13,00

13,00

13,00

12,99

12,998

-0,002

0,0148

10

14,00

14,00

14,01

13,98

14,00

14,02

14,002

0,002

0,0148

11

15,00

15,00

15,02

15,02

15,00

15,04

15,016

0,016

0,0167
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SIMULATION TESTS OF THE BRAKING PROCESS OF AN AGRICULTURAL
TRACTOR
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Abstract: The agricultural industry is growing very quickly. Large areas of fields make tractors work at higher speeds, with which they also
move on public roads. Except acceleration, the agricultural tractor must also be stopped. There are emergency situations on the roads that
require sudden braking, and therefore a quick stop of the vehicle. Drum brakes are used in most farm tractors. They contain a friction pair
(shoes and drum) which as a result of cooperation changes the kinetic energy of the motion into thermal energy. Unfortunately, this crates
huge amount of this energy. This can cause overheating of the friction lining, which can lead to permanent damage. This paper presents the
results of simulation tests of the heating process during single emergency braking. It has been shown that in some situations the temperature
can reach a higher value than that which is safe for friction material components.
Keywords: BRAKES, AGRICULTURAL TRACTOR, FRICTION, HEATING PROCESS, COOLING PROCESS
where: m - vehicle’s mass, v - speed of the vehicle, R - dynamic
radius of the road wheel, ω - angular velocity of the wheel, t - time,
α- angular deceleration. Assuming that the braking deceleration is
constant, we may say that:

1. Introduction
Agricultural tractors have been a must for every farm for many
years. They are used mostly in agricultural works, but not only. The
specificity of agricultural production means that the acreage of
processed fields is increasing. Therefore, the number of kilometers
covered increases naturally. Farmers, in addition to cultivation and
harvesting, must deliver their crops to collection points. These are
usually several or even over a dozen kilometers away. Tractors are
also used to overcome them. In combination with trailers, they are a
sufficient means of transport [1].

𝜔 𝑡 = 𝜔0 + 𝛼𝑡

(3)

A simple stability analysis of the vehicle made demonstrated
that approximately 60% of the total braking force comes from the
front wheels (roughly 15% per each of the four brake shoes on the
front axis) [1]. It has been assumed that each of the brake pads
generates identical braking force. The relation between the braking
force of one wheel and the complete vehicle is as follows:

The specificity of today's times which results in a dizzying pace
of life means that no one can afford to waste time. This situation is
being met by producers of agricultural equipment who are offering
bigger, stronger and faster tractors. Constructions sold today easily
reach speeds of 50km / h together with a loaded trailer (or even
several) [2].

𝐹𝑏 =

100%∙𝐹𝑓𝑏

≈ 3.33 ∙ 𝐹𝑓𝑏

2∙15%

(4)

where: Ffb – braking force generated by one front wheel, Fb– total
braking force of the vehicle. On that basis, the braking force of the
vehicle may be described as [9]:

However, accelerating such a large mass (reaching several
dozen tons) is not all the problems. The real challenge is quick and
efficient braking. On public roads there are often emergency
situations in which a sudden loss of speed is required [3, 4]. In the
event of a breakdown, there is a real danger to the health or even
life of road users. It is therefore important that the components of
the braking system work quickly and reliably throughout the entire
service life [5].

𝑃 = −3.33

Drum-type friction brakes are used in most agricultural tractors
[6]. The braking process consists in pressing the linings against the
drum rotating together with the wheel. The resulting friction
effectively changes the kinetic energy of a moving tractor into
thermal energy. It is then returned to the environment due to
conduction, convection and radiation. However, it is not always
possible to dissipate heat energy quickly enough. In the case of a
sudden braking, it happens that the temperature of the friction
elements reaches up to several hundred degrees. For some
materials, this means a loss of stability and the formation of socalled fade phenomena [7, 8]. It involves sublimation of the matrix
of the friction material, which creates a gas cushion between the
friction couple. This is associated with a loss of braking capability.
This work is aimed at checking whether there is a risk of fading
during emergency braking in modern, fast agricultural tractors.

where: rm – distance from the shoe’s centre to the disc rotation axis
(in our case rm=r). Comparison of the two equations makes it
possible to determine the ff coefficient:

𝑃 = 𝑓𝑓 (𝑡) ∙ 𝜔(𝑡)

𝑓𝑓 = −

𝑑
𝑑𝑡

2

𝑚 𝑅2 𝛼

(6)

(7)

3.33𝑟𝑚 𝐴

𝑞 𝑟, 𝑡 = −𝑓𝑓 ∙ 𝑣𝑑 𝑟, 𝑡

(8)

or by substituting:
𝑞 𝑟, 𝑡 = −

𝑚 𝑅2 𝛼
3.33𝑟𝑚 𝐴

𝑟(𝜔0 + 𝛼𝑡)

(9)

Amontons - Coulomb friction law [11] makes it possible to
determine the contact pressure, which in the analyzed case is as
follows:
𝑝=

𝑃
𝜇 ∙𝑣

(10)

where: µ - coefficient of friction between the disc and pad. Also, the
study takes into account the heat exchange occurring between the
disc and pad, expressed as the following relation [12]:

(1)

or
𝑃 = −𝑚𝑅2 𝜔(𝑡)𝛼

𝑟𝑚 ∙ 𝑑𝐴

Assuming that the vehicle’s deceleration occurs only through
the action of the brake disc and pad, the heat flux may be designated
using the equation [10]:

The force of the braking process may be describes as a negative
derivative of the vehicle’s kinetic energy [8]:
𝑃 =–

(5)

where: 𝑓𝑓 - frictional force per surface unit,𝑣𝑑 =ω(t)∙r - brake drum
linear speed at radius r, A - disc and shoe contact surface area (in
our case A=0,01m2). The braking force is also expressed as the
relation [9]:

2. Mathematical model of braking process

𝑚 𝑣2

𝑓𝑓 ∙ 𝑑𝐴 ∙ 𝑣𝑑

(2)
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𝜌 ∙ 𝐶𝑝

𝜕𝑇
𝜕𝑡

+ ∇ ∙ – 𝑘 ∙ ∇𝑇 = 𝑄– 𝜌 ∙ 𝐶𝑝 ∙ 𝑢 ∙ ∇𝑇

(11)

𝑞𝑑 =– ℎ 𝑇– 𝑇𝑟 – 𝜀𝜎(𝑇 4 – 𝑇𝑟 4 )

Drum

where: k - thermal conductivity, 𝐶𝑝 - thermal capacity, 𝑢 - heat flux
rate, 𝑄 - heating power per density unit, ρ - density, T - temperature.
During the action of the brakes, the following amount of heat is
released through convection and radiation [9]:
(12)

where: h - convection coefficient, T-Tr – temperature different
between the friction material and ambient temperature, ε emissivity of material, σ - Stefan-Boltzmann constant. The relation
between the convention coefficient and the speed of the vehicle is
described as follows [9]:
ℎ=

0.037𝑘
𝑙

𝜌∙𝑙∙𝑣 0.8
𝜇

∙

𝐶𝑝 ∙𝜇 0.33

1080
[J/(kg*K)]

Thermal conductivity

49 [W/(m*k)]

Density

7850 [kg/m3]

Heat capacity at constant
pressure

484 [J/(kg*K)]

During the tests it was assumed that: braking takes place
without slip, the tire adhesion coefficient to the ground is 1.0 (this
leads to a traffic delay of 9.81m / s2), the ambient air temperature is
25⁰C, the invariability of the friction coefficient of the linings
against the drum (in fact it changes with temperature), contact
pressure that is constant and even for both linings, uniformity of the
material and contact with the entire surface, no influence of external
factors (e.g. unevenness of the road, air resistance, operation of the
vehicle suspension). The initial speed of the vehicle was set at 50km
/ h.

(13)

𝑘

Heat capacity at constant
pressure

where: 𝑙 - disc diameter, µ - viscosity.

3. Object and methodology of research

4. Results and discussion

The object of research was CAD models of the braking system
parts (Fig. 1) from a popular agricultural tractor in Europe (linings
and drum). The most important technical specifications of the
tractor are summarized in table 1.

In the research, the first 10 seconds counted from the start of
was analyzed. The study step was 0.05s. The temperature was
measured at the central contact point at a depth of 0.2 mm both in
the drum and in the lining. Temperature profiles are shown in figure
2 (lining temperature) and figure 3 (drum temperature).

Fig. 1 CAD model used in FEM testing together with the mesh: 1- brake
linings, 2- drum.
Table 1: Mechanical properties of selected powder materials

Description

Symbol

Value

Wheelbase

c

2925mm

Rear axle width

b

2602mm

Center of gravity distance from the
front axle

c1

1345mm

Center of gravity distance from the rear
center of the left tire

b1

1301mm

Height of the center of gravity

h

910mm

Total mass

m

16000kg

Maximum speed

Vmax

50km/h

Maximum slope angle

ϕ

20o

Fig. 2 Graph of temperature of agricultural tractor brake lining
during emergency braking.

The developed model has been simplified relative to the real
parts of the tractor. The simplification concerned geometry (shapes
and fragments that did not have a significant impact on the heating
process were removed) and it was aimed at avoiding unnecessary
compaction of the mesh. Ultimately, the grid consisted of nearly
6,000 elements, which gave over 27,000 degrees of freedom.
Comsol Multiphysics 4.4 software was used for simulation tests.
The necessary material data, i.e. density, thermal conductivity and
thermal capacity of the friction pair were determined
experimentally. A summary of the above data is shown in Table 2.
In addition, the friction coefficient of friction, which is 0.36, was
determined.

Fig. 3 Graph of temperature of agricultural tractor brake drum
during emergency braking.
Analyzing the graphs above, it can be seen that there is a very
rapid temperature increase, especially in the initial braking phase.
The friction material of the brake linings heats up more, reaching
835.9K in just 0.9s. The drum reaches its maximum temperature
(633.15K) 0.1s earlier, 0.8s from the start of braking. The
characteristic sharp lines result from the transfer of thermal energy
from one material to another. The probable cause is seen in the
different properties of both materials, especially the different heat
capacity and thermal conductivity. The above conclusion, as well as
the correctness of performed simulations, are confirmed by two

Shoe
lining

Table 2: Technical data of friction materials.

Thermal conductivity

140 [W/(m*k)]

Density

2600 [kg/m3]
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successive charts: thermal energy produced in the braking process
(fig. 4) and given to the nearest environment (fig. 5). Both lines
have a "smooth" course, so it can be assumed that the simulation
went correctly.
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2. 237.28kW of thermal energy is generated as a result of
friction generated in the brakes;
3. The brake lining heats up to 835.9K during 0.9s from the
beginning of braking; after this time the temperature drops because
the vehicle speed is already low, and the heating process is slower
than cooling;
4. The drum heats up to 633.15K in 0.8s, followed by cooling
for the same reason as in the linings;
5. Due to the fact that the friction material is a composite
material whose matrix is usually a resin with a maximum allowable
operating temperature of 500-800K [13, 14] there is a real risk of
fade.
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Abstract: In this this research work, the results of investigation corrosion condition of the steel pipe system for the heated water
transportation and distribution after long years of exploitation are presented. The analysis was performed on the pipe segments after their
removing i.e. cutting. Thirty segments were taken for inspection. The outer and inner surface of the pipes was inspected. Plan for inspection
was prepared basing of the literature revue and personal experience. All specimens were visually inspected. For the investigations of pitting
corrosion measuring of depth of pits was done. Performed investigations confirmed that general corrosion, uniform and no uniform is
represented on the pipe from the outer side. From the inner side are presented different types of pitting: narrow, shallow, and elliptical and
corrosion under layer. Performed investigation confirmed that the most dangerous for the piping systems is corrosion on the outer sides of
the pipes which their perforation. Measurement of the pits deepness showed that pitting corrosion is not so danger because pits deepness is
in the range between 0.18-1.24 mm which is negligible compared with the pipes wall thickness.
Keywords: PIPELINE SYSTEM, Ph.-VALUE, GENERAL COROSION, PITTING COROSION, SAND BLASTING

1. Introduction
These investigations were performed on the request of the company
for production and transportation of the heat energy. The
requirement was to perform investigations of the piping system and
to assess is there danger from cancellation of the system as results
of pipes perforation because of the corrosion attacks. The system
was in appliance many years, more than two decades. Part of the
pipes was, buried in the soil while the other part was laid on the
metal carriers and is in direct contact with the atmosphere. With
these investigations should be evaluated current corrosion
conditions of the pipes from the outer and inner surfaces. It should
be detected which types of corrosion of the pipes appear on the
pipes and which type of corrosion is the most dangerous for the
piping system.

Figure 1 Instrument for measuring of pits deepness

2. Material and investigations
Subject of investigations in this research work is the steel piping
system. The pipes are with different diameters. The biggest
diameter of the investigated pipes is 350 mm. According with the
former appointment with the purchaser, thirty segments of pipes
with different diameters and from different locations was delivered.
The segments were cut from the pipes after perforation or as results
of random choice. Inside the pipes flow hot water at temperature
about 830C. This piping system is intended for transport and
distribution of hot water. pH value of the water is 7.2. The
inhibitors are added to the water too.
For the successful realization of the defined task, the plan of
investigation was made. It was realized in the following way:
1. Specimens were investigated in the as received condition.
It means that outer surface of the specimens was
investigated,
2. Specimens was longitudinally cut in order to analyze its
inner surface,
3. Next phase was rough cleaning of the outer and inner
surfaces of the segments with the steel brush,
4. The last phase was sand blasting of the specimens from
the both sides.
This treatment was performed to all investigated specimens. It has
to be point out that this plan of the investigation is result of our
considerations and literature information’s.
Besides visual inspection, measurements of pits depth were
performed too in order to obtain information about danger of pitting
corrosion from the inner side. Instrument used for measurement of
the pitting corrosion, type SARTORIUS is shown in the figure 1
and the way of measurement can be seen in the figure 2.

Figure 2 The way of pits depth measurement
3. The results of performed investigations
An example of the visual inspection is shown in the figure 3.
(Specimen 4). In the figure 3a is presented outer surface of the
segment in the as received condition. The surface of the pipe is
completely corroded. Corroded layers are clearly visible. The inner
surface of the specimen after longitudinally cutting is given in the
figure 3b. It can be notice that inner surface of the specimens is
completely covered with thin corrosive layer, but at some places
there are thicker layers. In the figure 3c is given inner surface of the
pipe after rough cleaning with the steel brash. It can be concluded
that after removing of the layer corroded surface can be clearly seen
beneath.
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Figure 4 Non-uniform corrosion on the outer side
a

b

Figure 5 Corrosion on the outer side (sand blasted surface)
Figures 6 and 7 show the segments of the pipes which are
completely corroded. It can be seen perforation of the both pipes. It
is obvious that corrosion appear as result of the outer mainly nonuniform corrosion.

c
The inner and outer surfaces of the cut segments after sand blasting
are given in the figures 3(d and e). From the figure 3d was
concluded that localized pitting corrosion is present on the inner
side. Besides narrow, shallow and elliptical pits are presented too.
Generally it can be said that pitting corrosion is not dangerous
because narrow and dip pits are not dominant. The surface of the
specimen after sand blasting of the outer surface (figure 3e) shows
that non-uniform corrosion is present.

Figure 6 Perforation of the pipe as result of outer corrosion

Figure 7 Perforation of the pipe as result of outer corrosion – inter
crystal corrosion
d
Visual inspection indicates that cracks appeared on the curved pipes
in all cases and in the elongated zone (Figure 8).

e
Figre 3(a-d) Specimen 4 after complete visual inspection
Figure 8 Cracks in the curved pipe in the elongated zone

More typical presentation of the non-uniform corrosion is given at
the figure 4, and perforation on pipe segment as result of the outer
corrosion is given at figure 5.

The inner surface of the pipe after sand blasting can be seen in the
figure 9. It can be concluded that thinning of the surface from the
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outer side directly cause of the segments. Corrosion from the inner
side is not so danger. Analyzing figure 10 can be obtaining the same
conclusions. It is visible that pittings on the inner side don’t
contribute to the perforation from the inner side of the pipe.

Figure 13 show inner side of pipe too. It is visible that there is
perforation of pipe but as result of no uniform corrosion on the
outer side.

Figure 13 Inner side of pipe after rouge cleaning – perforation
In the figure 14 is shown pipe which has a pit that propagate from
inner to the outer surface i.e. trough all thickness of the pipe. It is
only one such case detected during these investigations. On the
outer surface still has traces of the protective paint/

Figure 9 Thinning of the pipes and corrosion from the inner side

Figure14 (a and) Single Pit on the outer side of pipe
From the figure 15 can be seen that pit is formed at the inner side
beneath the corrosion layer.

Figure 10 Thinning and perforation of the pipe from the outer side
and pitting corrosion from the inner side
The inner surface of the segment after rough cleaning is presented
in the figure 11. Corrosion layers are clearly seen. Beneath them
always have shallow and elliptical pits like in the figure 12.

Figure 15 Formation of pitting
It can see from figure 16 that there is large number of pits (pitting
corrosion) on the inner side of pipe. The pits are very shallow and
elliptical and are not dangerous for perforation.

Figure 11 Inner sides of pipe corrosion layers

Figure 16 Pitting corrosion shallow pits
Very important question in this work was is there a serious danger
for the piping system from pitting corrosion. Because of that
measurement of the pits depth was made. Measurement was

Figure 12 Inner sides with shallow of pipe shallow and elliptical
pits
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performed too all thirty segments. Obtained results are given in the
Table 1. It can be concluded from the table that pits depth is in the
range 0.11-1.24. The pits depth is much smaller than the pipes wall
thickness.
Figure 17 Schematic presentation of general corrosion of pipe from
the outer side a. uniform b.non-uniform

Table 1 Pitting depth measuring
Number
Piting depth,
Thickness of
of
mm
pipe
segment
(segment),
mm
1
0.25
2.30
2
0.28
2.30
3
0.11
3.40
4
0.19
4.00
5
0.26
4.00
6
0.16
3.00
7
0.17
3.60
8
0.15
4.00
9
0.23
4.00
10
0.10
4.00
11
0.43
6.00
12
0.62
4.00
13
0.42
4.00
14
0.49
4.00
15
0.42
5.00
16
0.28
5.00
17
1.24
5.00
18
0.77
5.00
19
0.45
5.00
20
0.93
3.00
21
0.27
4.00
22
0.19
6.00
23
0.19
5.00
24
0.842
4.00
25
0.18
3.00
26
0.49
4.00
27
0.22
4.00
28
0.11
4.00
29
0.16
4.00
30
0.25
5.00

Figure 18 Different variants of local pitting corrosion
5.

Conclusion



Almost all of the investigated specimens (pipe segments)
are completely corroded from the outer side
Performed investigation confirmed that general corrosion
from the outer side of the pipes, particularly non-uniform
corrosion is the most dangerous for the safety of piping
system
Almost all specimens are thinned from the outer side as
result of the uniform and non-uniform corrosion.
Almost all specimens are locally corroded from the inner
sides. Different variants of pits (pitting corrosion) are
presented on the surfaces. But deep narrow pits are noted
only in one few cases. Shallow and elliptical pits are
present very often.
Generally it can be said that pitting corrosion is not so
dangerous for the pipes because the depth of the pits is in
the range 0.11-1.24 mm.
Corrosion under layer is noticed in some cases from the
inner side of the pipes. This corrosion includes pretty big
surfaces.
Cracks are detected in all inspected curved pipes.
Measuring depth of pipes in necessary to detect locations
with the strongest corrosion attack.
Periodical visual inspection of the system and
measurement of the pipe thickness with ultrasound
measuring device is very important for the following
corrosion condition of the system.













4. Discussion
In this research work are presented results of the performed
investigations about corrosion conditions of the piping system for
the production and transportation of the heat energy. For this
investigation thirty segments were analyzed. The plan for
investigations was made using personal experience and adequate
technical literature [3-7]. Delivered segments of pipes were
analyzed from the inner and outer sides It was confirmed that from
the outer sides general corrosion i.e. uniform and non-uniform
corrosion appear (figure 17) and from the inner sides local putting
corrosion in different variants [1-2] was present (figure 18).
Performed investigations confirmed that most dangerous is general
corrosion which cause thinning of the pipes wall from the outer side
and even their perforation. From the inner side are presented local
pits which are pretty shallow and are note dangerous for the system.
It is necessary to follow the thickness to the pipes in different areas
of the piping system – measure thickness which ultra sound device.
With performed analysis were obtained the most important
acknowledgement about corrosion condition of the piping system
like: determination of the type of outer and inner corrosion of pipes
and comparison of the degree of danger between inner and outer
type of corrosion. Besides determination of specimens with the
strongest corrosion attack, analysis of specimens in order to find out
is there location vicinity between specimens with the highest
corrosion attack.
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Abstract: While many modern industries are tending to use UFV (unmanned flying vehicles) in a near future, there are also many
problems of yet unknown procedures to make possible the usage of such UFV. In a current age of aviation development there is an approach
of FRA (free routing area) utilization to support growing congestion of many flying vehicles in air space. From our prospective, those
manufacturing implementing "Industry 4.0" ideas are expected to use UFV to support supply chains. Hence, both problems and solution
approaches to support many aircraft in airspace and to control airspace congestion within safe boundaries can be used also in a local scale
of UFV supported manufacturing. This research paper is focused on problems and ability to build routes within FRA and analysis of possible
use of known approaches to solve similar problems of modern automated manufacturing.
Keywords: AUTOMATED MANUFACTURING, SUPPLY CHAINS, FREE ROUTING AIRSPACE, UNMANNED FLYING
VEHICLES, INDUSTRY 4.0

no landing at all, until a re-charging, re-fueling or maintenance is
needed).

1. Introduction
Transformation of modern manufacturing to meet concepts of a
4th Industrial Revolution [1-2] or concepts of an “Industry 4.0”
platform, as it has been called and developed in Europe [3-5]
requires deep changes in technologies and organization schemas.
The idea of an automated manufacturing makes an impact on
understanding of transport logistics and produces a demand for
automated supply chains [6-7]. These changes are often supposed to
be done via exploitation as a primary transporting unit of a so called
UFV (unmanned flying vehicle) or UAV (unmanned aerial vehicle),
also known widely as “drone”. Different kind of drones are known
already to serve wide range of purposes, mostly military but with a
large growth of commercial and civil interest [8-10]. One good
example of using robots for every use is an Estonian initiative with
food deliveries [11]. The Estonian company “Starship
Technologies” offered wheel robots cruising sidewalks to deliver
food to customers of food delivery companies, supermarkets etc.
Flight delivery drones were announced to make first delivery from
Amazon in December of 2016 [12]. Such drone deliveries are still
in current discussions [13].

Second, there are airways in airspace for aircraft flights.
Considering drones and factory local air space, there are no airways
defined. Aircraft flight is expected to connect departure and
destination airports (points) and from the prospective of known
network the flight can be determined strictly enough. Unlike to air
network, there are no network can be expected to be in use by
drones for flights in the local factory airspace. This may look
similar to a FRA organization principles and approaches [16-18].
Third, drones should be able to become a self-organized fleet,
while aircraft is typically an independent subject in the air, which is
governed by some set of rules, restrictions, circumstances,
dispatcher commands, and pilot decisions. This also means that
safety for aircraft is supported by long distances between flying
vehicles, but drones should operate on short or close distances. In
short ranged interactions any decision making process becomes a
very time sensitive. Either rules consideration or making a decision
should be performed fast and safely with no or minimal delays (to
be able to support effective supply chains).

About a hundred years ago development of aviation as an
industry was hazy. The role of aviation in World War I was not yet
clear even in military prospective. Nevertheless, invention of new
engines and weapons had made aviation a terrifying force in World
War II – it was just in a few decades after World War I. Planes,
which could hardly perform a takeoff and carry itself in air, now are
recognized as one of the effective cargo transport [14, 15]. Both this
experience and modern trends in use of drones allow us to expect a
big growth of interest to UFV supported manufacturing. Drones are
expected to be used in a nearest future as both heavy cargo and
precious delivery units. Enormous quantity of drones in the air will
make a demand on organization of not only a global airspace, but
also the local ones. This paper is focused on discussion of possible
approaches that could help in planning airspace environment of
automated factories with UFV supported supply chains.

Finally, the drones management system is expected to become a
part of the whole automated manufacturing control system and
should be fully integrated in enterprise resource planning. Unlike to
this requirement, the aviation is providing typically a separate
service to other industries, it is involved in resource planning but
not fully integrated within factory systems and manufacturing
processes.

3. Solution of the examined problem
The overall look at manufacturing needs of UFV flights gives
us three possible approaches for constructions of airspace structure:
 Airways network.
 Zoned or cellular structured airspace.
 Free routing airspace.
It is obviously, that any approach or some of its combination
can be used. But anyway, the key features that the problem has are:

2. Prerequisites and means for solving the problem
The problem of coordination and intercommunication of flying
vehicles, at first sight, looks similar to a current problem in aviation.
This means, that the solution could be found in a known way, like
aircraft flights are organized. However, there are some differences
between aircraft or helicopter flight and a flight of UVF in a factory
local area.

 Long-time without landing.
 Time sensitive decision making.
 Short-range interactions.
 High congestion of airspace.
As one may notice, when the UFV is ordered to perform some
specific task and this task is repetitive within manufacturing
process, then an airway for this UFV can be defined. However, this
airway could be a dedicated route and no one other UFV should use
this airway or create obstacles on such airway (for example, by
crossing it and arising the menace of collision). Ones the quantity of
UFV becomes big, the number of airways can become

First, an air traffic is being organized to perform most flights
between airports and each aircraft typically performs a flight with
takeoff/landing and cruising phases. Meanwhile, drones can be
intended to make tasks with a long-time in-air phase (this implies
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inconveniently large and it may go close to each other. This same
problem was identified in aviation, when the number of aircrafts in
the air grew significantly and the capacity of airways was not
enough to satisfy this growth. The FRA concept was offered instead
to meet aviation demands.

5. Conclusion
The problem of flights planning within factory airspace to
satisfy automated manufacturing needs and meet requirements for
supply chains can be solved via implementation of known approach
of FRA in modern arrangement of air traffic.

If to consider a zoned or cellular approach, then a very
important and difficult question can block the ability to implement
the solution. The question is how to split the whole airspace
effectively? This means that some kind of uniformity of each zone
(cell) is required both with no intersections between zones (cells)
and no empty spaces between zones (cells). One of the easiest ways
to make such split of airspace can be suspected to use cubes. And it
may look reasonable way due to ability of vertical and horizontal
moves of drones. However, the trajectories are not always so
“square” formed and in many cases there can appear the necessity
to move by some curve trajectory. Some other forms of zones
(cells) can be also considered, but on any case it may produce some
unique problems in each of such airspace distribution. These
thoughts lead us again to a concept of FRA as a most suitable
approach.
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The FRA (free routing airspace) concept allows to directly
connect any pair of points within airspace. There are, of course,
some sets of rules that should be followed strictly to perform flights.
And one of main benefits of FRA utilization is that FRA can have
almost any kind of shape. This can be considered very useful for
defining the airspace within factory area. The whole factory
airspace can be split into a set of free routing airspaces (set of FRA)
and each FRA can also have some specific subset of smaller
airspaces within. Within each FRA there can be some airways, if
needed. And one of the most important benefit from utilization of
this aviation approach is that there is already a strict format that
implements rules and restrictions. In aviation this is called route
availability document (RAD), which provides each flying vehicle
with detailed description of flight information. One may consider a
little bit excessive utilization of such formats as AIXM
(aeronautical information exchange model [19]) to provide local
flight with current information. Nevertheless, this gives us a fully
functional set of instruments and tools to organize and co-ordinate
the fleet of UFV.
How can this system work within a manufacturing process?
First, we can define a set of end-points for UFV. These points can
be coupled with the actions needed to be performed. Each action
type can also depend of type of drone or type of drone task.
However, in a most simple manner, we may assume that there
would be two typical task for drones: 1) bring resources and 2) take
products away. The whole UFV fleet will require to have a flights
co-ordination center or central management server. This center
should take care of:
 Resource demands and relocation.
 Products transitions.
 Safety of planned flights (analysis of routes).
 Re-charging or re-fueling and maintenance cycles.
 API for integration into global enterprise environment.
The full list of responsibilities for such co-ordination center can
be formulated from comparison of role of Eurocontrol [20] services
in organization of air traffic in Europe.

4. Results and discussion
Further tasks, that should be solved:


Routes optimization with respect to time sensitivity of
supply process.
 Optimization based on extreme loads of UFV utilization in
supply lifecycles.
Most of the problems and its solutions can be found in aviation
flight planning researches. This can become a good initial approach
to provide a platform for global automated manufacturing and
logistics.
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Abstract: Production levelling, also referred to as production smoothing (jap. Heijunka), is an effective method for reducing unevenness
in the production process and maintaining better control over stock levels. It helps keep production at a steady pace and ensure the desired
level of flexibility. The authors present a study aimed at developing a method for planning the inflow of products from the production
process, intended to be used in the scheduling of levelled production. Focus has been put on finding the right combination of lot size and
production interval which, assuming certain input parameters (order size and placement rate, initial stock levels), yields the best outcome in
terms of timely/untimely order fulfilment and minimum and maximum stock levels.
Keywords: PRODUCTION LEVELLING, LEAN MANUFACTURING, SIMULATION

There is an array of interpretations of production levelling in the
literature. Some of them define production levelling as a method
for:

1. Introduction
In the market conditions prevailing these days, demand can be
anything but steady. Enterprises striving to remain competitive need
to adjust to a rapidly changing environment.








To keep up with the fluctuation of demand, manufacturing
enterprises increase their stock levels or enhance flexibility of the
production system [1]. Higher stock levels have a stabilizing effect
on the production process on the one hand, but drive the cost of
warehousing upwards and lengthen the production cycle as the lot
size increases, thus reducing flexibility of the production system on
the other [2].

increasing production capacity [13],
reducing stock levels [14],
preventing work overload [15],
increasing competitiveness [16],
smoothing out peaks in production [17],
manufacturing for stock [18].

The concept of production levelling was developed by Toyota
for the automotive industry more than 50 years ago [19]. Heijunka,
in combination with work standardization and Kaizen, are the
fundamentals of management at Toyota Production System (TPS)
[20].

A flexible production system is synonymous with the ability to
react to sudden peaks in demand, relying on putting orders through
directly to the production system. The resulting irregular production
schedules generate overtime or idle time [3].

Many authors deal with implementation of production levelling
in various industries. Abdulmalek and Rajgopal [21] described the
implementation of Heijunka in the steel industry, as one of the
components of Lean transformation, together with mapping the
value stream, SMED, 5S, JIT, and TPM. Huchmeier et al. [13]
conducted a comparative analysis of Heijunka and Just in Sequence
(JIS) on the basis of a case study at a BMW engine manufacturing
plant. The study proved the supremacy of Heijunka over JIS in
terms of smoothing out the highest production peaks. Runkler [22]
compared Heijunka and Kanban on the basis of a manufacturer of
electronic circuits. With a steady demand and a proven sales
history, Heijunka provided a better result than Kanban in terms of
stock levels and order fulfilment capacity.

Heijunka is a happy medium which stabilizes the production
schedule on the one hand and ensures the required flexibility of the
production system on the other [4]. Production levelling has been
gaining reputation recently for being an effective tool to smooth out
the production process and improve stock level management [5].
Heijunka flattens out peaks in production by ensuring cyclical, fixed
production schedules. The schedules are aimed to even-out the
production process without increasing stock levels. Sadly, however,
many manufacturing enterprises find it extremely difficult to set up
fixed production schedules due to uneven production processes
caused by high machine failure rate, lack of standards, etc.
Therefore, before implementing the principles of Heijunka, it is
essential to get production under control, e.g., with the use of Lean
Manufacturing methods and tools [6, 7].

3. Methodology of production levelling

The underlying assumption of production levelling is to
manufacture small lots of goods at short intervals. Determining the
right lot size and production interval to meet customer demand and
not exceed the maximum stock level may be challenging [8].

The methodology of implementation of production levelling in
a manufacturing plant has been discussed by several authors [5, 18,
23, 24]. However, the solutions proposed are difficult to implement
in a real manufacturing environment, considering their high level of
generalisation and complexity.

This study is aimed at developing a method of planning the
inflow of products from the production process, to be used for
scheduling levelled production. For the purpose of the study, a
simulation model has been created in Microsoft Excel.

Long research has led these authors to the development of an
original production levelling methodology, described in [10-12].
The methodology consists of five stages, as shown in Fig. 1.
At stage one, a group of products for which levelling is to be
implemented first is selected. The group contains mainly bestsellers and products sold in large quantities. Next, the products are
grouped into families based on their structural and technological
similarity. At the following stage, the stock replenishment rate is
calculated using the EPEI (Every Part Every Interval) method. At
stage four, stock levels (rotational, buffer and safety) are calculated.
However, the crucial and most challenging is the last stage, at
which a levelled production plan is developed. At this stage, three
factors need to be taken into consideration:

2. Production levelling
Production levelling is a planning technique oriented at even
inflow of goods from the production process. It requires the
determination of sequence and rate of inflow of goods from the
production process in a way to sell directly from the warehouse and
avoid sudden changes in the production schedule [9-12]. The
production plan must be repeatable and not cause sudden peaks or
delays. With production levelling, enterprises can get the inflow of
goods from the production process and stock levels under control.

 lot size,
 production intervals, and
 sequence in which product families are manufactured.
439

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 10/2019
The authors focus on finding the right combination of lot size
and production intervals which, assuming certain initial input
parameters, yields the best outcome in terms of timely/untimely
order fulfilment and minimum and maximum stock levels.
Determining a group of products
Division of selected products into families

Determining the frequency of repeating
Determining stock levels
Establishing a levelled production plan

Fig. 1 . Production levelling methodology, source: own
Fig. 3. Example model and output data, source: own

4. Simulation model of product inflow planning
method

4.2. Simulation variants

4.1. General information

Three simulation variants were determined. In each variant, one
of the input parameters was changed. Each simulation was repeated
100 times; each time a random order size and placement rate was
generated in accordance with a regular schedule and the relevant
input data. The study results are shown in graphs representing the
number of timely and untimely fulfilled orders (in percentage
values) and the minimum and maximum stock levels.

The initial simulation model has been developed in Microsoft
Excel (Fig. 2).

Variant 1
In variant 1, the production interval and lot size change, the
other parameters remain constant (Tab. 2). An assumption is made
that the customer orders on average 1000 units every 10 days. The
simulation is supposed to find an answer to the question: should the
company manufacture 1000 units every 10 days, 100 units daily or
500 units every 5 days?

Fig. 2. Product inflow planning model, source: own

The model required the following input data (Table 1):





lot size,
production interval,
initial stock levels,
order size and placement rate (mean value and standard
deviation).

Table 1: Simulation model input data, source: own.
Symbol
Production interval
o=
Lot size
p=
Initial stock levels
m_p =
Order size, mean value
wielk_zam_sr =
Order size, standard deviation
wielk_zam_odch_st =
Order placement rate, mean value
czestosc_sr =
Order placement rate, standard deviation czestosc_odch_st =

Table 2: Variant 1, input data, source: own.
Symbol
Production interval
o=
Lot size
p=
Initial stock levels
m_p =
Order size, mean value
wielk_zam_sr =
Order size, standard deviation
wielk_zam_odch_st =
Order placement rate, mean value
czestosc_sr =
Order placement rate, standard deviation czestosc_odch_st =

Value
1
200
1400
1000
10
3
1

Value
1
100
1400
1000
10
10
1

The following input data options were used in variant 1:





The output data include:
 number of timely and untimely fulfilled orders (“timely” means
upon order placement),
 stock levels (minimum, maximum).

1: manufacturing 100 units daily,
2: manufacturing 200 units every two days,
3: manufacturing 500 units every five days,
4: manufacturing 1000 units every 10 days.

The simulation results are shown in Fig. 4 and 5. A negative
value of stock level represents the maximum number of units the
plant is short of to fulfil the order.

Fig. 3 shows the proposed model and output data.
The model is based on four assumptions:





there is a determined product family,
the required capacity of the production system is available,
the time unit is a working day,
orders are generated at random, according to a regular schedule
with a certain mean value and standard deviation.

The simulation is aimed to find the combination of lot size and
production interval which, assuming certain parameters (order size
and placement rate, initial stock levels), will yield the best outcome
in terms of timely/untimely order fulfilment and minimum and
maximum stock levels.
Fig. 4. Number of timely/untimely fulfilled orders, broken down by options,
source: own
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Variant 3
In variant 3, the mean order placement rate changes, while the
other parameters remain constant (Table 4). An assumption is made
that the customer orders on average 1000 units every 10 days. The
simulation is supposed to find an answer to the question: if the
customer changes the order placement rate, will the company be
able to fulfil the orders with the manufacturing output of 100 units
daily?
Table 4: Variant 3, input data, source: own.
Symbol
Production interval
o=
Lot size
p=
Initial stock level
m_p =
Order size, mean value
wielk_zam_sr =
Order size, standard deviation
wielk_zam_odch_st =
Order placement rate, mean value
czestosc_sr =
Order placement rate, standard deviation czestosc_odch_st =

Fig. 5. Minimum and maximum stock levels, broken down by options,
source: own

Variant 2
In variant 2, the mean value of order size changes, while the
other parameters remain constant (Table 3). An assumption is made
that the customer orders on average 1000 units every 10 days. The
simulation is supposed to find an answer to the question: if the
customer changes the order size, will the company be able to fulfil
the orders with the manufacturing output of 100 units daily?

The following input data options have been assumed in variant
3:







Table 3: Variant 2, input data, source: own.
Symbol
Production interval
o=
Lot size
p=
Initial stock levels
m_p =
Order size, mean value
wielk_zam_sr =
Order size, standard deviation
wielk_zam_odch_st =
Order placement rate, mean value
czestosc_sr =
Order placement rate, standard deviation czestosc_odch_st =

Value
1
100
1400
1000
10
10
1

Value
1
100
1400
1000
10
10
1

1: mean order placement rate – every 7 days,
2: mean order placement rate – every 8 days,
3: mean order placement rate – every 9 days,
4: mean order placement rate – every 10 days (base option),
5: mean order placement rate – every 11,
6: mean order placement rate – every 12 days.
The simulation results are shown in Fig. 7 and 8.

The following input data options were used in variant 2:







1: mean order size 800 units,
2: mean order size 900 units,
3: mean order size 1000 units (base option),
4: mean order size 1100 units,
5: mean order size 1200 units,
6: mean order size 1300 units,
The simulation results are shown in Fig. 6 and 7.
Fig. 7. Number of timely/untimely fulfilled orders, broken down by options,
source: own

Fig. 6. Number of timely/untimely fulfilled orders, broken down by options,
source: own
Fig. 8. Minimum and maximum stock levels, broken down by options,
source: own

5 Conclusions
Production levelling helps maintain a fixed production schedule
on one hand and ensures a certain level of flexibility of the
production system on the other, while keeping the stock at a
minimum required level. The study presented above is aimed to
develop a method of planning the inflow of products from the
production process. The method will be used for production
levelling.
Fig. 7. Minimum and maximum stock levels, broken down by options,
source: own

The authors focus on finding the right combination of lot size
and production interval which, assuming certain input parameters
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(order size and placement rate, initial stock levels), will yield the
best outcome in terms of timely/untimely order fulfilment and the
minimum and maximum stock levels. A Microsoft Excel-based
simulation model has been developed for the purpose of the study.
Three simulation variants have been distinguished:
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14. Coleman, J.B., Vaghefi, M., Heijunka: a key to the Toyota
production system. Production & Inventory Management
Journal, vol. 34 no. 4, pp. 31-35, 1994

In variant 1, the best timely order fulfilment rate is obtained
with 100 units manufactured daily. Moreover, this option provides
optimum (minimum and maximum) stock levels.

15. Xiaobo, Z., Zhou, Z. and Asres, A., A note on Toyota’s goal of
sequencing mixed models on an assembly line. Computers &
Industrial Engineering, vol. 36, pp. 57-65, 1996

In variants 2 and 3, the scope of changes in customer demand is
examined relative to the order fulfilment rate and stock levels. This
is a preliminary study which, when fully fledged, is aimed to find
the range of fluctuation in demand within which the company will
be able to meet customer demand while maintaining a fixed
production schedule.

16. Teece, D.J., Pisano, G., Shuen, A., Dynamic capabilities and
strategic management. Strategic Management Journal, vol. 18
(7), pp. 509–533, 1997
17. Andel, T., Accentuate heijunka, eliminate junk, supply chain
flow. Material Handling Engineering, vol. 54 no. 8, pp. 77,
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The authors describe only a part of the study in progress. At
present, simulations are conducted for various input data, as well as
works to develop a simulator in the FlexSim simulation software to
map a real production system.
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Abstract: The article concerns the problem of selection the most suitable method of calculating manufacturing time of products created
in Design To Order approach. Product customization is becoming an increasingly important aspect of many companies. The basic problem
of this type of production is the determination of time needed for delivery to the customer. Also estimating the duration of individual
production operations can be a significant problem for production planning. Without these values, it is not possible to conduct the
production planning process without mistakes and faulties. The use of common worktime calculation methods is often impossible or
inadequate from the point of view of the workload involved during production preparation. The article presents the results of practical
research in an enterprise, determining the most effective method of calculating production time in Design To Order approach.
Keywords: WORKTIME CALCULATION, LEAD TIME, TIME STANDARDIZATION, PRODUCTION PREPARATION,
PRODUCTION MANAGEMENT

1. Introduction


Requirements of customers, that are related to personalization
or customization of products, both in terms of individual needs
(desire to stand out) and institutional (the need to use unique
solutions) is becoming more important challenge for many
manufacturing companies. The need of customization of their
products for individual groups or even for individual users
significantly affects the production planning possibilities, and thus
also its production possibilities. Maintaining high efficiency and
efficient production planning processes is necessary to maintain
competitive on modern market. The combination of the ability to
manufacture products whit unique design or with many
configurations for individual users with efficiency similar to mass
production, can become a key element for many companies to
achieve success on the market and compliance with the concept of
an intelligent factory [1] [2] [3] [4] [5] [6].



Analytical methods are based on the analysis of individual
components of performed production tasks and their duration,
determining additional elements that are part of the execution time
standard and determining the total time necessary to perform the
entire production task.
The analytical and measuring method is also called the research
method. The method is based on measuring the implementation
times of individual production operations in a given environment (at
a given workstation). The tests can be carried out: directly by means
of timing, indirectly by observation (photographs) of the work day,
or by random sampling (snapshot) [9].

The right determination of production capacity is directly
related to determination of work time required to produce specific
products. Unfortunately, in the case of customized products,
determining these values is frequently difficult. A large number of
possible configurations of multi-variant products means that the
methods of determining production time, used for the serial
production, in that case do not apply [7] [8]. Due to the growing
importance of customization, i.e. pursuit of the maximum match of
the product to the customer's expectations, it should be assumed that
the scale of variant and DtO production will increase over time,
replacing some part of mass production. Multi-variant products are
produced on the customer's special order, according to his
individual requirements, making them usually not repeatable in a
given configuration. The design and technology of manufacturing
of individual products has a direct impact on the duration of
production process. However, in the case of excessive
diversification of individual manufacturing operations, it becomes
necessary to use a tool that allows for fast and accurate loading of
individual work stations, and thus to develop a production schedule
[7] [8] [9].

The calculation-analysis method can be carried out in two basic
ways. First of them involves specifying in each operation a set of
basic movements (activities) and adding up the duration of
individual micro movements that make up the given task. The
second method allows the calculation of the total time of the
production task on the basis of the duration of machining of the
manufactured element, taking into account the time necessary to
perform all auxiliary activities [17].
The simplified analytical method is based on the division of the
production task into individual operations and the determination of
the total duration based on the tables of work intensity of typical
operations or generally available execution time standards (e.g.
welding standards or catalog of material inputs for construction
industry).
The production of customized products creates great challenges
to the processes of scheduling and production controlling. They
have a direct impact on the efficiency of resources held and the
achievement of production objectives dependent on costs.
Therefore, system solutions are needed for production scheduling,
material flow monitoring, and analysis and decision making. As a
result of many factors that should be taken into account when
preparing the production schedule, it is necessary to implement
methods that allow to make dynamic changes [10] [11].

Lead time estimation methods can be divided into two basic
categories related to the purpose of the method. In the case of unit,
variant or low-volume production, summary methods are used,
while in the case of mass production, analytical methods are
considered most suitable [12, 13, 14, 15].
Summary methods (based on partial times) of work time
estimation are based on determining the work time of individual
production operations, with dividing the work task into individual
stages or moves – depending on the adopted criteria. This group of
methods include [15, 16, 17]:


determines the amount of time necessary to perform a
given production task
statistical learning methods - the use of historical data on
product performance times or analogous operations
predictive analytics, comparative method - the use of
historical data for similar production operations, taking
into account the change in the duration of a given
operation by characteristic factors such as dimensions,
area, weight of the product or detail subject to processing.

Considering the varied requirements of clients, the adopted lead
time calculation methods should take into account the possibilities
of creating products with different resources. This includes the
importance of closely related scheduling to the production
preparation process. Additional scheduling processes should be

knowledge-based estimation - setting the time of work by
an employee who, based on his own experience,
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implemented on the basis of available options of production
operations and materials. This can allow to select most effective
material flow due to the adopted criteria, eg the use of production
resources, the shortest lead time or minimization of inventory [12]
[13] [14].

accuracy of the obtained results. As a result of the simulation, the
methods worth testing in the conditions of the actual production
process were: the partial and total statistical method, the simplified
partial movement method and the product critical features method.
All of the selected methods have been implemented in a trial in
an enterprise in order to obtain results allowing to assess their
accuracy, as well as thoroughly analyze the implementation time
and preparation time of individual production plan for specific
production orders.

In this context it is particularly important to calculate the
precise time standards for the manufacturing processes. The degree
of accuracy of these standards has a direct impact on the accuracy
of scheduling and production control. On the other hand, it is
equally important to limit the time needed to prepare these norms,
especially considering the degree of diversity and low repeatability
of manufactured products.

The research was divided into stages:
1. Collection of data on work times, preparation times, etc.
2. Collection of data on the technological structure of products and
production processes

2. Case study
The research has been carried out in the SME manufacturing
company. The enterprise employs about 25 employees - taking into
account small fluctuations resulting from a significant increase in
employee mobility on the Polish labor market (employee rotation
independent of the employer). 18 of the employees are employed in
production positions divided into two departments: electrical (works
mostly done manually) and mechanical (turning, milling and
welding processes). Other employees are employed in office,
including administrative and management positions.

3. Determination of critical features of products for the duration of
individual operations - including preparation and finishing time,
number of pieces, etc.
4. Screening thick errors of data collected - caused by errors of
employees in recording the duration of operations
5. Development of time standards for partial motions
6. Development of statistical formulas to calculate the duration of
individual operations and whole lead time

Over 90% of the company's production are unique products
with a unique configuration, implemented on the basis of customer
orders. The technology of making these products remains
unchanged, however, high variability and the possibility of
modifying individual product details means that basically any
production batch can be considered customized and manufactured
in accordance with Design to Order approach. The technological
structure of the products consists of 7 basic types, which may differ
from each other by elements such as: dimensions, power, type of
current output, type of wires, corrosion protection, length of work
(heating) zones, assembly method, number and type of
technological holes, type of winding, the presence of additional
holders and fixings, etc. Each of the mentioned elements can have a
significant impact on the complexity of work, and thus on the total
duration of the product.

7. Collecting comparative data to check the reliability of the results
obtained from the implemented methods
The first stages of research involving the collection of specific
production processes covered 5 months (from April to August
2018). At the time of this study focuses on one of the most popular
type of product for which there was an 790 (single production
orders). The verification part, however, lasted from October 2018 to
the end of April 2019. During this time, 2072 production orders of a
given type were recorded. The volume of orders ranged from 1-450
throughout the research, reaching an average order size of 8 pieces
during the test period and 6.84 pieces during the verification period.
In order to compare the methods of determining the time
necessary to complete a production order, it was necessary to bring
the results to a harmonized percentage form, showing the size of the
error in accordance with Fig. 1. This was due to significant
differences in production times. The shortest lead time for a single
unit was 2.5 hours in the examined period, while the longest was
54.3 hours.

At the beginning of cooperation, the work time necessary to
complete individual production orders was estimated by employees
with the greatest experience, who were responsible for supervising
the work of individual operators (production foremen). Such
handling of customer orders implied significant difficulties both in
setting the deadline for production of a given order and in assessing
the loads on individual workstations. According to the company's
data, nearly 76% of orders were carried out with at least 1 day
delay, including 23% that had significant delays exceeding 5
business days. During the surveys, long lead times and significant
delays were indicated by the company's largest contractors as the
biggest problems in cooperation. The inefficiency in loading
individual employee positions, however, caused numerous
personnel problems related to the lack of a sense of justice of the
workload of individual employees. This resulted in reduction of
involvement of some employees, and an additional decrease in the
efficiency of their work, which was particularly noticeable with
simple manual work based on repetitive tasks.

Figure 1 Estimation of error

Where:
LTr – real production time
LTe – estimated production time
Em – estimation of error

4. Conclusions
The accuracy of the results obtained in individual methods was
estimated on the basis of the average error rate, in accordance with
the formula in Figure 1. The values of the average error rates for the
entire production process are presented in Figure 2, while the error
values for the most important production processes in Table 1.
During the tests, the partial movement method due to too much time
commitment of employees necessary for each preparation was
rejected. In the conditions of the audited enterprise, the time
necessary for manual preparation of time standards for each order
exceeded the available working time, which resulted in delays
already at this stage of production preparation.

3. Research methods
The cooperation undertaken between the Poznań University of
Technology and the company was aimed at finding an existing or
developing a new method to increase the effectiveness of
forecasting the time of production of individual orders. The research
began with simulation tests allowing to select several most adequate
methods described in the literature. The basic criteria demonstrating
the possibility of use of a given method to the enterprise's
requirements were considered: the time necessary for
implementation, implementation costs, the time necessary to
prepare a new production order, and the most important: the

Based on the results, it can be concluded that the least accurate
method of calculation is the estimation method based on the
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operators' experience. The most accurate method is a statistical
learning method that uses technological knowledge based on
previously implemented processes.

Method based on an analysis of the critical factors of product
(predictive analitics) showed significantly worse fit, not exceeding
R2 = 0.7. In this analysis, the most important critical features of the
product were taken into account, which, according to the operators'
experience, had an impact on the duration of their operations (e.g.
product volume for core insulation time or total surface area for
surface treatment time). However, the model has been greatly
simplified in order to speed up development time of a single order,
which could cause a decrease in accuracy of the results.
The studies also have taken into consideration a method of
estimation knowledge, which is the estimated time required to
manufacture the product by foremen. This method, although used so
far, proved to be the least effective, which resulted in significant
delays in the production plan. The low accuracy of this method may
be caused by significant underestimation of working time by the
foremen, caused by overestimating the capabilities and skills of
employees.

Figure 2 Average error of the lead time

Worth considering is the fact that errors vary considerably
depending on the operation being performed. Regardless of the
analysis, the biggest error was burdened with time estimation for
the core preparation operation. When foremen estimated time, the
average error was as much as 34% of estimation. This is due to the
fact that this operation is performed mostly manually and its
duration is clearly related to the experience of the operator who is
performing it. In extreme cases, this operation can take up to 3
times longer than planned by the foreman or 2 times longer than
indicated by the statistical method. For comparison, the smallest
fluctuations in estimated time occurred in the most homogeneous
operations, e.g. quality control, in which the working time is
relatively similar regardless of the product variant.

Table 1: Accuracy of results in individual production operations
Statistical
Knowledge
Predictive
method
estimation
analytics
[%]
[%]
[%]
Steel plate
9
3
8
cutting
8
10
9
Steel bending
Welding

10

24

16

Core
preparation
Current
connections
Electrical
isolation]
Final
assembly
Quality
control

17

34

24

12

29

22

11

28

18

18

27

22

5

8

6

Total

10,5

21,125

15,625

The factor that allows the use of a given method in the case of
customized production, not less important than the accuracy of the
results, is the time necessary to prepare a single production order.
As mentioned earlier, the partial movement method was rejected at
the very beginning of practical research. This was due to too much
time during its execution. In the case of several dozen orders for
new products per day, the time of a single analysis should not
exceed a few minutes. In the case of this method, without the use of
specialized software written especially for the company, the time of
a single study was on average about 36 minutes.

The most accurate of the selected methods turned out to be the
partial statistical method. It allows to estimate the time necessary to
maanufacture a product with a relatively high probability, with
partial times of all manufacturing operations. R2 of the model fit for
this method is 0.87, which indicates the considerable utility of this
method. Importantly, this method showed the highest accuracy in
the field of relatively low-complex products whose unit production
time did not exceed 2 hours. In the case of products whose
processing time exceeded 4 hours, the calculation errors were more
significant. This could have been caused by a fewer occurrences of
this type of cases, and thus worse input data to create a
mathematical model predicting the execution time. The relationship
between the planned time and real time is shown in figure 2. It is
also characteristic for this method that most of the estimated times
are longer than the actual duration of the process.

In terms of time, the fastest analysis is the estimation of
production time by the most experienced employees. The average
time of such analysis can be estimated at 4 minutes. The main
problem of this method, however, is the significant risk of its
disorders caused by the absence or rotation of the employees
responsible for it. The experience of employees in this case is
crucial, and their loss can lead to a total loss of control over the
production planning process.
The statistical method and predictive analytics ensure relatively
good preparation time for the analyzes. As in the case of knowledge
estimation, its duration should not exceed 5-6 minutes, if the tools
are properly prepared. However, a significant problem with these
analyzes is the time needed to implement them. In the case of the
examined company, this time was 4 months devoted to collecting
data, which seemed an absolute minimum and still does not allow
estimation of time for products significantly different from the
others. In the case of other enterprises producing customized
products, this time may be extended up to 1 year. However, to
ensure the best fit of the model, the data collection process should
not stop and should be updated as far as possible or include
processes such as machine learning.

5. Summary
The production of customized products is a big challenge for
modern manufacturers. This type of production requires
implementation of many organizational and process solutions to

Figure 2 Correlation between estimated and measured time
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meet individual customer requirements. From this point of view, an
important issue is the ability to determine production capacity and
set possible delivery dates for given orders. For this purpose, it is
necessary to have reliable data related to the time of production
processes.

7.
APICS Illustrated Dictionary, An Interactive, Illustrated
Guide to Supply Chain Language and Concepts (APICS Dictionary,
ed. XI)
8.
Piłacińska M.: Representation of multi-variant product
structures in the database. Logistyka, nr 2, 2009

The article presents a study comparing three methods of
calculating lead time of production process for real life production
process. During the study found that the least accurate method is a
solution based on operators' experience (knowledge based
estimation). The result was expected after simulation tests. Based
on the obtained data, it can be stated that the simpler the operation,
the tendency to overestimate the results, while the more complex
production tasks, the time value is underestimated.

9.
Żywicki K., Zawadzki P. (2018) Fulfilling Individual
Requirements of Customers in Smart Factory Model. In: Hamrol A.,
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Predictive analytics methods indicate that most important is to
determine the correct mathematical dependence that takes into
account the critical factors of the product or production operations.
In many cases, the relationship based on the unit of measured
parameter is not linear..

11. Kutschenreiter-Praszkiewicz I.: Methodology of planning
the course of technical work preparing the production of machine
elements, PhD thesis, Bielsko-Biała, 1999

The most accurate results to real times were obtained for the
partial statistical method, with usage of the historical data from
already completed production processes.
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for customers in the Design to Order approach. However, obtaining
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organization.
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Abstract: This paper deals with Numerical Simulation to analyse the behaviour of residual stresses in welding pipe. This work aims to
develop a validation model for the simulation of phase changing after welding in multi-pass welds using a hardness test and compare the
results with numerical simulation. The simulation considers the local microstructure properties changes due to the thermal welding cycles.
Finally, the challenge of this work is the welding of dissimilar materials, where a calibrated model will be applied and validated to predict
the effect of welding residual stresses in welding pipe. A further aim is to develop a new procedure to simulate a typical welded pipe process.
Keywords: NUMERICAL SIMULATION, WELDING PIPE, HARDNESS TEST.

this work is the welding of dissimilar materials, where a calibrated
model will be applied and validated to predict the effect of welding
residual stresses in welding pipe [7][8].

1. Introduction
Welding is a reliable and efficient metal joining process used in
almost all industries. Manual metal welding (MMAW), also known
as shield metal welding, is a manual arc welding process that uses
an electric arc between an electrode and work piece to join a pipe
with parts of welding region, as shown in (Fig. 1). Manual metal
welding is also one of the most popular welding processes,
accounting for over half of all welding in some countries — and in
the oil and gas industry — because of its versatility, simplicity, low
equipment cost and wide applicability. This welding process will
probably remain popular, especially among amateurs and small
businesses where specialized welding processes are uneconomical
and unnecessary [1][2].

2. Materials and Method
Welding is done, as shown in Fig. 2, with the dimension of
welding. Dissimilar material pipe welds were used in this work
because they are commonly found in various industrial applications
for both technical and economic reasons. The materials and
chemical composition of the pipe used in this study are given below
in Table 1, and the welding parameters for weld joints are given in
Table 2. The filler wire was 3.2 mm in diameter. Multi-pass
welding with an inter-pass with maximum temperature value 200 ºC
is used.

Weld failure is never good. While welding is an excellent way
to join two or more pieces of metals, there are situations in which
weld joints fail. This can lead to financial loss for companies,
hardships for consumers. It is critical to understand common
reasons weld joints fail and work to ensure the prevention of these
failures. One of the reasons for failure is residual stress, sometimes
called internal stress. It is residual stress generated during cooling
after welding. Residual stresses distributions in and around the weld
(in the fusion zone, FZ) might lead to brittle fracture, cracking, and
produced stress corrosion cracking during service. The normal
techniques for determining the cause of a weld joint failure are
visual examination, non-destructive measurements, materials
testing, additional sampling, and analytical studies of stress.

Table 1: Mechanical Table 3. 1 Chemical composition (wt%)

Table 2: Welding parameters

Fig. 1 MMAW process and welding parts.

The finite element method is widely used for simulation and
analysis, to perform further investigation and reduce time and
economic costs associated with experiments. Finite element analysis
(numerical simulation) is a cost-efficient way to help quantify the
reasonable welding parameters and to understand the mechanisms
of welding [3] . This work aims to develop a validation model for
the simulation of phase changing after welding in multi-pass welds
using a hardness test and compare the results with numerical
simulation.

Fig.2 Welding pipe and schematic diagram: the dimensions of weld A1:
P460NH_1 and A2: E355K2 and filler Böhler

The simulation considers the local microstructure properties
changes due to the thermal welding cycles. Finally, the challenge of
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The specimen cut from the pipe welding from for hardness test
measurement (see Fig. 3).

Fig. 5 2D model with fine and coarse mesh and materials in the weld zone

The temperature-dependent mechanical and thermal properties
were taken into account in the calculation. The equilibrium
transformation temperatures for the formation of austenite from an
initial microstructure and the decomposition of austenite into
ferrite/perlite, bainite and martensite are required.
Material
properties, based on their chemical composition, were determined
using JMatPro software [9]. The temperature-dependent, elasticplastic phase-dependent material model was used in the simulation.
The thermo-metallurgy material properties of all used steels were
generated with JMatPro software using the average chemical
composition which can be seen in Table 1. Transformation data was
calculated with 10 µm grain size starting at 920°C temperature.

Fig. 3 Cross-section of specimen used for hardness measurement

Welding simulation procedure
Complex numerical approaches are required to accurately
model the welding process in 2D, with finer mesh (small element
size) and materials region used to simulate welding instead of 3D to
save the time of computation, (see Fig. 4). In order to validate the
accuracy and dependability of FE simulation, experimental results
of welded specimen are used to compare with the simulation results
of FEM. During the process of the welding cycle coupled thermometallurgical and mechanical calculations were carried out by
considering the effect of different chemical composition of steel and
incorporating multi-phase transformation models. Numerical
calculations were performed with commercial finite element
software package MSC.Marc [6]. The problem was solved
numerically in a cylindrical coordinate system due to axial
symmetry of the geometry. The geometry and finite element
representation used in the modelling is shown in Fig 4. Four-node
axisymmetric elements were used to model the specimens. Solid
elements were employed to simulate the thermo-elastic-plastic
behavior of the specimen. The model of fillers was built with (birth
and death) element using 8,466 elements to calculate and analysis
phase transformation distribution in the whole pipe. In numerical
simulation analysis, the accuracy of the results and required
computing time are determined by the finite element size (mesh
density). According to numerical analysis theory, the model with a
fine mesh yields highly accurate results but required longer
computing time. On the other hand, the model with coarse mesh
(large element size) may lead to less accurate results but not much
computing time.

Thermal and Mechanical Analysis
By using appropriate mesh optimization technique, a relatively
fine mesh is generated in and around the weld lines and a
comparatively coarse mesh is used for areas away from weld line,
as shown in Fig. 5. Four nodes thermal and mechanical analysis
element is used for the analysis. The equation used for transient heat
transfer during welding is given by
𝑝𝑐 𝜕𝑇/𝜕𝑡(𝑥, 𝑦, 𝑧, 𝑡) = −𝛻. 𝑞(𝑥, 𝑦, 𝑧, 𝑡) + 𝑄(𝑥, 𝑦, 𝑧,)

(1)

Where p is the density of the materials, c is the specific heat
capacity, q is the heat flux vector, T is the temperature, Q is the
inside heat rate, x, y and z are the coordinates in the system, t is
time and ∇ is the spatial gradient operator. The various weld
parameters in a double ellipsoidal distribution proposed by Goldak
et al. [4] (see Fig. 4).

Fig 6 Schematic model parameters for double-ellipsoid heat source

Equations 2 and 3 show the volumetric heat flux distributions inside
the front and rear quadrant of the heat source. The model is defined
as a function of position and time together with a number of
parameters that affect the heat flux magnitude and distribution.

Fig. 4 2D finite element model of pipe

In this model, a fine mesh was used for the weld and HAZ, and a
coarse mesh was used in the region further from the weld. The Xaxis is pipe length direction, Y-axis is pipe thickness direction, and
the Z-axis is pipe welding direction. The software used for the
welding simulations is MSC.Marc. The three materials used are
Base material P460NH_1, Base material E355K2, and Filler metal
Böhler.

6 3 𝑓 𝑟 𝑄 −3
𝑞𝑓 𝑥, 𝑦, 𝑧 = 𝑎𝑏
𝑒
𝑐 𝜋 𝜋

𝑥 2
𝑥 2
𝑥 2
𝑎 𝑒 −3 𝑏 𝑒 −3 𝑐

(2)

𝑥 2
𝑥 2
𝑥 2
𝑎 𝑒 −3 𝑏 𝑒 −3 𝑐 .

(3)

𝑓

6 3 𝑓 𝑟 𝑄 −3
𝑞𝑟 𝑥, 𝑦, 𝑧 = 𝑎𝑏
𝑒
𝑐 𝜋 𝜋
𝑟

Where x, y, and z are the coordinates of the Goldak double
ellipsoid model, π is the fraction of heat deposited in the weld
region, the heat input rate Q = ηVI is calculated by welding
operational parameters current (I), voltage (V) and η is the arc
448

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 10/2019
efficiency for the welding process, v is the speed of torch travel in
mm/s, and t is the time in seconds. The factors ff and fr denote the
fraction of the heat deposited in the front and rear quadrant
respectively, which are set up to attain the restriction ff +fr= 2. The
parameters a, b and c are related to the characteristics of the
welding heat source. The parameters of the heat source are chosen
according to the welding conditions. This study is concerned with
the simulation of solid-state phase transformations in the welded
structure using MSC.Marc software [6].

It is important to emphasize that the numerical simulation code
can handle complex geometries and non-linear temperature
dependence on both boundary conditions and material properties,
which are very important for practical applications.

3. Result and Discussion
Hardness tests of specimens were taken to compare the
calculated hardness of 2D model simulation after welding. The
cross-section of the sample before hardness test with three region of
welding and final hardness distribution shows in (Fig. 8).

Hardness test procedure (Experimental procedure)
The cross-section welding part was polished after cutting, and the
surface of the specimen was etched with HNO3 (nitric acid) 2%
solution (nitrate etching agent) to show the passes and FZ and HAZ.
The cross-section after preparation is shown in Figure 6.

Table 3: The result from hardness measurement test for specimen

Comparison Hardness Measurement with Simulation
In simulation case, three points was selected P1, P2 and P3 to
compare with hardness measurement test as shown in simulation
(see Fig. 9,10). The region of FZ was chosen which approximates
the same position as in third row of FZ. P1, P2 and P3 were
compared with real test. The results of the weld region shows the
hardness values from simulation and experiment are in reasonable
agreement with each other. The points selected to compare P1, P2
and P3. Table 4 show the summarized results with different phases
and cooling rate which are needed to determine the hardness
according to Mayner equations. Hardness in P1 according to
simulation is 193 HV and with real 171 HV (151-205 HV), P2, P3
as well

Fig 7 Pipe after cutting and Specimen before hardness measurement

For hardness measurement was carried out from top to bottom
with four lines, as shown in Figure 16. The validation of welding
simulation procedure is carried out on a multi-pass butt weld. The
results are compared with experimental hardness test. Figure 16
shows measurements with a microscope-mounted camera showing
an average of the measurement distance from the surface at a given
point. The distances are in millimeter, and the hardness values are
in HV10. The hardness distribution from the simulation at the weld
of the investigated dissimilar material with welding was calculated
by using the rule of mixtures. Maynier et al. [5] have developed a
useful method to predict hardness. The total hardness of steel is
calculated dependent on the volume fractions of the constituents of
the microstructure:
𝑉 = (𝐹𝑃% ∗ 𝐻𝑉𝐹−𝑃 + 𝐵% ∗ 𝐻𝑉𝐵 + 𝑀% ∗ 𝐻𝑉𝑀 )/100.

(4)

The hardness of the microstructures produced is given by:
𝐻𝑉𝑀 = 127 + 949𝐶% + 27𝑆𝑖% + 11𝑀𝑛% + 16𝐶𝑟% 𝑁𝑖% +
21𝑙𝑜𝑔𝑣𝑅 ,
(5)
𝐻𝑉𝐵 = −323 + 185𝐶% + 330𝑆𝑖% + 153𝑀𝑛% + 144𝐶𝑟% +
191𝑀𝑜% + 65𝑁𝑖% + (𝑙𝑜𝑔𝑣𝑅 )(89 + 53𝐶% − 55𝑆𝑖% − 2𝑀𝑛% −
20𝐶𝑟% − 33𝑀𝑜% − 10𝑁𝑖%),
(6)

Fig 9 Two dimension model simulation hardness with three point P1, P2
and P3
Table 4: The result from hardness simulation for bohler filler

HVF−P = 42 + 223𝐶% + 53𝑆%𝑖 + 30𝑀𝑛% + 7𝐶𝑟% + 9𝑀𝑜% +
12.6𝑁%𝑖 + ( 𝑙𝑜𝑔𝑣𝑅 )(10 − 19𝑆𝑖% + 8𝐶𝑟% + 4𝑁𝑖% + 130𝑉%),
(7)
Where: vR is the cooling rate in K/h; Hv is the hardness
(Vickers); XM, XB, XF and XP are the volume fractions of martensite,
bainite, ferrite and pearlite, respectively; HVM, HVB and HVF+P are
the hardness of martensite, bainite and the mixture of ferrite and
pearlite, respectively. For the calculating of HVM, HvB and HVF+P
were used the formulae developed by Maynier et al.

Results confirmed and are in agreement with the predictions
provided by the continuous cooling transformation (CCT) diagram,
vR cooling rate and Maynier equations for the investigated steel
using MSC.Marc software.
Table 4: The result from hardness simulation for E355K2

Fig 8 Hardness measurement test for specimen
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Fig 10 Two dimension model simulation hardness with three point P1,
P2 and P3 for E355K2

Fig.13 Residual Stress in Y Direction

The simulation of hardness, P1, P2 and P3 was selected in same
position in spacemen 2 (see Fig. 11). Table 5 show the summarized
results with different phases and cooling rate which are needed to
determine the hardness in weld region P460NH_1

4. Conclusion


In this work, it shows the methodology of the simulation of
welding. The work presents the mock-up and the material
properties and welding technologies that are needed to create a
finite element simulation. After that, the report summarizes how
to build a correct finite element model in 2D to simulate girt
welding. In addition, experiments were carried out so that
hardness test measurements could be used to validate the 2D
finite element model. The result show close agreement between
simulated and experimental hardness in the weld. Therefore, the
simulation methodology is acceptable, justifying the creation of
a 3D model.



The challenge here was to predict hardness test measurement
using simulation of welding with dissimilar materials and also
with multi-pass welding. There are several very important
reasons for this preliminary validation work: first, to confirm
the method for the 3D simulation and second, future x-ray
diffraction measurements to compare the numerical simulation
with measured results of residual stresses. Marc software and
computer hardware development mean reducing the time
needed for welding simulation. It will be possible to start with
the 3D simulation of multi-passes welding using the sufficiently
fine mesh needed for more accurate analysis.

Fig11 Two dimension model simulation hardness with three point P1, P2
and P3 for P460NH_1
Table 5: The result from hardness simulation for P460NH_1
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HYBRID METHODS FOR HARDENING OF SUPERHARD VACUUM COATINGS
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Abstract:Physicomechanical and adhesion characteristics, specific surface energy of vacuum coatings formed on high-speed steels of the
P6M5 type subjected to processing at cryogenic temperatures are investigated. The structural transformations occurring in vacuum coatings
formed on steel substrates with subsequent processing at low temperatures were studied. A change in the tribological characteristics of
titanium nitride coatings during subsequent processing in a cryogenic liquid is shown.
KEYWORDS: MORPHOLOGY, COATINGS, MICROHARDNESS, ADHESION, CRYOGENIC TREATMENT
from minus 50 V to minus 100 V was applied to the substrate. The
studied coatings were processed in liquid nitrogen at a boiling point
T = 77.4 K for 1-24 hours.

1. Introduction.
The formation of coatings for various functional purposes allows to
significantly change the physico-mechanical characteristics of the
modified materials. Of particular interest at present are
nanostructured composite coatings. The introduction of
nanodispersed particles into thick and thin coatings leads to
significant structural changes, a network of labile physical bonds is
formed, which leads to a significant increase in physicomechanical
characteristics, including at doping concentrations of nanomodifier.
One of the main tasks of modern materials science is the creation of
new materials with enhanced performance characteristics. For this,
various physical, chemical methods of substance formation are
used, as well as their combination. One of the common
technological methods is the surface modification of materials. That
is application of thin-layer coatings of a gaseous, liquid, solid state
on the working surfaces of products, which leads to an increase in
their operational characteristics.
Modern engineering makes extensive use of tools, on the
working surface of which composite coatings are applied. Among
the most common coatings for metalworking tools include
zirconium nitrides and zirconides, which is applied using vacuum
technology. Zirconium nitride coating provides high wear resistance
of the tool for cold deformation of metal workpieces by preventing
the setting and seizure phenomena. When applying zirconium
carbonitide coatings to a metal cutting tool (drills, milling cutters,
taps, countersinks, etc.), the effect increases dramatically
Nanocrystalline compounds based on titanium aluminum nitrides
are promising coatings. These coatings sustain hich can
temperatures up to 700 ° C without noticeable oxidation, while
maintaining a hardness of 25-30 GPa. In the formation of vacuum
coatings, various methods of activating the substrate surface are
used: mechanical method, corona discharge, thermal heating, ion
flow in a neutral gas medium, etc. This preparation allows you to
significantly change the adhesive properties of the formed coatings,
strength and tribological characteristics The creation of composite
coatings based on titanium nitride with subsequent cryogenic
treatment will reduce the increase in resistance to aggressive
coatings and increase the values of physical and mechanical
characteristics.
The aim of the work is to study the structure and
physicomechanical characteristics of composite coatings based on
titanium nitride, modified by low-temperature processing.

The structural features of composite heat-resistant coatings
subjected to various types of processing were analyzed using a
MDS 1600T universal metallographic microscope. The structural
features of the boundary layers in functional composite coatings
were studied using modern methods of physicochemical analysis:
IR spectroscopy, X-ray diffraction analysis, atomic force
microscopy. Tribotechnical studies were carried out on an FT-2
type friction machine, which operates according to the ―finger-disk‖
scheme under dry friction of three spherical samples with a radius R
= 1.5 mm on a flat surface of a disk (counterbody) made of steel
and sanded on a flat plane surface with an emery cloth or grinding
paste to an arithmetic mean deviation of the surface profile Ra = 0.1
- 0.3 microns. The tests were carried out at a normal load of 20 to
100 N and a linear sliding speed of 0.1-0.5 m / s. To measure the
microhardness of coatings formed on metals, a PMT-3
microhardness meter was used. The operating principle of the
device is based on a change in the linear magnitude of the diagonal
of the imprint c obtained from the indentation of the diamond
pyramid into the test material under a certain load. Adhesion
characteristics were determined by scratch analysis. To calculate the
energy parameters of vacuum coatings, we used the direct-shadow
method for determining the wetting angle. We used liquids of
different polarity to study the wetting and calculation of the
adhesion forces, polar and dispersion components of the surface
energy. Titanium nitride - the interstitial phase  (TiN) - has a facecentered cubic lattice of the NCl type. Titanium nitride has a wide
homogeneity region and can be considered as an interstitial solution
with an excess of atoms in the TiN lattice. The microhardness of
titanium nitride depends on the degree of nitrogen filling of the
octahedral pores. However, depending on the degree of ionization,
plasma energy, and ultimately plasma temperature, the plasmachemical reaction will proceed at different rates, and the resulting
structure, composition and microhardness of the coating will be
different. Thus, surface microhardness is determined by the pressure
of the reactive gas and the temperature of the process. Figure 1
shows the X-ray diffraction patterns of titanium nitride before and
after cryogenic processing

2. Preconditions and means for resolving the
problem.
Composite coatings based on titanium nitride were applied on a
UVNIPA-1-001 vacuum unit equipped with a cathode-arc
evaporator with a plasma electromagnetic filtering system and an II4-0.15 ion source. As the substrate used steel grade P6M5. The
surface of the steels was subjected to hardening and grinding to a
cleanliness of at least grade 11. Before application, the surface of
the sample was cleaned and heated by titanium ions under the
following conditions: evaporator current, A - 105-110; potential on
the sample, kV –1.0. The coating was deposited at a stabilizing coil
current of 1.7 A, a control coil current of 2.0 A, and an arc current
of 90 A. The pressure of the reaction gas (nitrogen) was in the range
(0.87-5) × 10-2 Pa. During deposition of the coating, a bias voltage
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elements are elongated stripes with a characteristic size of 30 x 1.5
microns. The deposition of a nitride layer closes the initial relief and
forms a developed relief with no distinct shape of the type of "poor
wetting" (Fig. 2 b). The film has pores with a diameter of several
micrometers. The elevation characteristic of the relief increased
after applying the layer to Ra = 277.4 nm. Subsequent processing of
the steel substrate and coating of titanium nitride in a cryogenic
liquid for 30 minutes leads to the formation of a smoother relief
with Ra = 160.6 nm. In the coating, inclusions with a lateral size
from 0.75x0.75 microns to 2x2 microns are observed. An increase
in the exposure time of the studied samples with the coating in
liquid nitrogen leads to a decrease in the values of Ra = 198 nm,
smoothing of the initial relief and the formation of a finely
dispersed phase with a diameter of ~ 1 μm. A further increase in the
exposure time of TiN coatings in liquid nitrogen leads to some
smoothing of the initial relief with an increase in the concentration
of low-dimensional phases of a globular type. The studies on the
topography of TiN coatings by profilometry showed a similar
dependence of the topographic characteristics similarly obtained by
atomic force microscopy (.Figure 3)

Figure 1 - X-ray diffraction patterns of titanium nitride coating: 1 initial coating, 2- coating after cryogenic treatment for 360 minutes
Diffraction maxima lying at angles 2=65; 7810; 7830; 112;
13730; 13820 correspond to the diffraction maxima of titanium
nitride. Also, titanium nitride samples exhibit diffraction maxima at
angles of 2=4440; 99; 9930, corresponding to iron, and the
maxima lying at angles 2=11630; 117 correspond to Fe3C [2].
As a result of the cryogenic treatment of heat treatment, diffraction
peaks appear at angles 2=2440 и 8220, which according to the
data of [3] correspond to titanium oxide compounds TiO2. In the
diffraction patterns of titanium nitride coatings, at some diffraction
maxima, their splitting is observed, which is most likely due to
structural changes in the crystal lattice of this compound
itself.Studies on the morphology of titanium nitride coatings formed
on substrates made of P6M5 steel show that during cryogenic
treatment (Figure 2), structural components are transformed [4-5].

а)

b)
а)

c)

d)
b)

f)

g)
c)

h)
j)
Figure 2 Morphology of titanium nitride coatings subjected to
cryogenic temperatures: a-initial steel P6M5, b-coating of titanium
nitride formed on a substrate of steel P6M5, c - coating of titanium
nitride, treated for 30 minutes in a cryogenic liquid, d - coating of
nitride titanium, treated for 60 minutes in a cryogenic liquid, fcoating of titanium nitride, treated for 120 minutes in a cryogenic
liquid, g-coating of titanium nitride, treated for 360 minutes in a
cryogenic liquid, h-coating of titanium nitride, treated for 720
minutes in a cryogenic liquid, j-coating of titanium nitride, treated
for 1440 minutes in a cryogenic liquid

d)
Figure 3 Topography of the surface layers of titanium nitride
coatings subjected to processing in a cryogenic liquid: а - initial
P6M5 steel, b-TiN coating formed on a substrate of P6M5 steel, c TiN coating formed on a substrate of P6M5 steel and exposured in
liquid nitrogen in within 120 minutes, d - TiN coating formed on a
substrate of P6M5 steel and exposured ubated in liquid nitrogen for
360 minutes.

The image of the initial surface (sample made of P6M5 steel) has a
relief clearly oriented along the polishing direction with a height
characteristic Ra = 175.3 nm over a field of 25 x 25 μm. The relief

The arithmetic average of the profile for the studied samples varies
depending on the exposure time in the cryogenic liquid. The initial
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Ra value for P6M5 steel is 0.245 μm. The formation of a coating on
a steel substrate leads to an increase of Ra value to 0.303 μm. The
exposure of the coatings in liquid nitrogen for 120-360 minutes
reduces the Ra value to 0.27-0.28 microns. The increase of
exposure time (720-1440 minutes) in the cryogenic liquid leads to
an increase of Ra value to 0.30-0.313 μm. Based on the data
obtained, it can be assumed that under the influence of cryogenic
temperatures on titanium nitride coatings, recrystallization
processes occur in them, accompanied by a change in the
morphology of the coatings. The structural and morphological
changes that occur in titanium nitride coatings formed on the steel
substrate P6M5 should lead to changes in the physicomechanical
characteristics of the coatings. Studies on the strength
characteristics of TiN coatings confirm this assumption. So the
determination of microhardness values by the Vickers method show
an increase in the values of this parameter depending on the
exposure time of the nitride coating in liquid nitrogen at the boiling
point (table 1).

coatings were determined by scratch analysis. A preliminary
modification of coatings in a cryogenic liquid leads to an increase in
the adhesive interaction between the coating and the substrate.
Studies on the effect of cryogenic treatment on the specific surface
energy (SSE) values of TiN coatings treated in a cryogenic liquid
show a decrease in SSE values with an increase in the exposure
time of plasma-chemical coatings in liquid nitrogen. A decrease in
the coefficient of friction of modified TiN coatings by 18-24% with
respect to the initial coating is also observed.

3.Conclusion
Thus, it was found that when processing plasma-chemical coatings
of titanium nitride formed on a steel substrate P6M5, an increase in
the values of physicomechanical characteristics is observed. The
processing modes in TiN coatings in cryogenic liquids have been
optimized to increase the wear resistance of a metalworking tool
made of high speed steel. It was shown that the treatment of steel
samples with titanium nitride-coatings in liquid nitrogen increases
the adhesive interaction between the substrate and the coating. The
influence of low temperatures has a positive effect on the
tribotechnical characteristics of the studied plasma-chemical
coatings.

Тable 1: The microhardness of titanium nitride coatings after
cryogenic treatment.
Type of coating
The
values
of
microhardness, N (GPa)
Original steel P6M5
3,4
TiN coating formed on a steel
8,1
(P6M5) substrate
TiN coating aged in liquid
8,2
nitrogen for 30 minutes
TiN coating exposured in liquid
8,4
nitrogen for 60 minutes
Покрытие TiN, выде TiN
8,6
coating exposured in liquid
nitrogen for 120 minutes
TiN coating exposured in liquid
10,2
nitrogen for 360 minutes
TiN coating exposured in liquid
9,4
nitrogen for 720 minutes
TiN coating exposured in liquid
9,1
nitrogen for 1440 minutes
The optimum is the exposure of titanium nitride coatings formed on
P6M5 steel for 6 hours in liquid nitrogen. An increase in the
microhardness of the modified samples by ~ 21% with respect to
the initial coating is observed. One of the main characteristics that
determine the operational characteristics of ceramic vacuum
coatings is the adhesive interaction of the deposited layers with the
surface of the substrate. The adhesion characteristics of vacuum
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ANALYSIS OF PLASTICITY OF QUENCHED TOOL STEEL DURING STRESS
RELAXATION AT ELEVATED TEMPERATURE
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Abstract: Phase transformations in metals have a major inﬂuence on the material behaviour in several common engineering
applications. Steels exhibiting enhanced response to transformation-induced plasticity (e. g. high strength TRIP-steels for automotive
production) are examples of the important role martensite formation can play. An externally stressed specimen in the process of a phase
transformation may show a significant nonlinear behaviour, which is known as transformation plasticity. Even under an externally applied
load stress with the corresponding equivalent stress being small in relation to the “normal” yield stress of the material, plastic deformation
occurs.
An aim of a research was to determine relaxation and transformation plasticity properties of alloyed tool steel while is tempered at
elevated temperatures and for different tempering duration.
Keywords: TRANSFORMATION PLASTICITY, TOOL STEEL, TEMPERING, STRESS RELAXATION.

The specimens of rectangular cross section with parameters of
68100 mm were oil quenched from 840°C temperature (Fig. 1).
Then, cooled specimens were bent elastically and fixed inside the
special device with the deflection of 0.5; 1.0 or 1.5 mm (the value
of ye) and tempered at the temperature of 200-400°C for 10 min till
4 h (Fig. 2). After tempering at this fixed position, the specimens
were withdrawn out of the device, the plastic deflection yp of the
specimens was measured. Then the coefficient k of the elastic stress
relaxation was calculated:

1. Introduction
Quenched steel is in a metastable state. When martensite is
tempered at higher temperatures and in some cases, retained
austenite as well, carbon is precipitated in carbides form. After
cooling, secondary martensitic transformation is possible [1].
Transformation plasticity effect can also be observed during these
processes [2-5]. When first heated, the tempered steel is relatively
ductile; after reheating at the same temperature the ductility is
negligible.

𝒌=

Changes in the properties of quenched steel due to time and
temperature have long been observed. According to Geler [6], by
maintaining 9XC quenched but not tempered steel at 20°C
temperature, its strength initially decreases and then increases.
Since the carbon concentration and martensite workability do not
change under these conditions, this phenomenon can be explained
as a result of stress relaxation processes.

𝒚𝒑
𝒚𝒆

(1)
The self-deformation of the elastically bent specimen was
observed during the tempering at the same temperature as they were
bent for 1 hour. Then the change of the plastic deflection yp was
measured in accuracy of 0.01 mm and the relative self-deformation
Δε was calculated:

These issues are particularly relevant in the manufacture of
tools, as most of them must be straightened to eliminate quenching
distortions. Straightening can be performed in various ways: at cold
state, after hot washing and often after tempering. Although the
tools that are tempered are less brittle than the ones that have just
been quenched, they are harder to smooth because quenched and
low-tempered steels are very elastic and spring-like. Great force
must be used to bend the bent tool to the opposite side. If smoothed,
the geometrical parameters of such tool are not stable. Over time,
and especially after heating during operation, the straightened tool
or part will be distorted again.

𝛥𝜀 =

𝛥𝑦𝑝
𝑦𝑝

(2)

The most effective method of the straightening of curved
quenched parts is to make them straight during the transformations
while tempering. The parts are bent and pressed inside the device
for the fixed deflection and then tempered. During the
transformations of tempering, the steel becomes very plastic for a
short time, the elastic strains partly relax and the part of the elastic
deflection changes to the plastic [7]. The form of the straightened
parts is not geometrically stable and changes in time, especially
when the parts are heated. This phenomenon, called selfdeformation was also researched.

Fig. 1 The circle of heat treatment of steel during investigation of
relaxation properties

The article presents investigation of relaxation properties during
tempering of low alloyed tool steel ΧΒΓ (GOST standard). This
steel is used for cutting tools with increased resistance to quenching
distortions, thread gages, matrix and punches for cold forming.

2. Methodology
Investigation of relaxation properties was performed using low
alloyed tool steel. Its chemical composition is presented in Table 1
and critical points of the steel grade are listed in Table 2.
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elastic deflections of 0.5 mm and 1.5 mm. The graphic expression
of the results is presented in Fig. 4.
Transformation plasticity of quenched steel, which causes the
relaxation of elastic strains, depends on the microstructural
metastability and progression of tempering transformations.
Therefore, the maximum effect of plasticity (in our way – relaxation
of elastic strains) was then, when the specimens were quenched
from the temperature, which can be characterized by martensite
with enough of carbon and not much of retained austenite, and then
tempered at sufficiently high temperature. On the contrary, when
the specimens were bent at low temperature, especially those, which
were already tempered, the plastic properties were obtained
minimal.

Fig. 2 The schema of bent and fixed specimen during tempering in the
furnace

Investigating influence of the magnitude of retained plastic
deflection after tempering of stressed specimens, it was determined,
that the biggest effect of the progress of relaxation is then, when the
duration of tempering is 1 hour (Fig. 5).

Table 1: Chemical composition of investigated low alloyed tool steel (% wt)
[8]
Grade
Equivalent of
Elements, %
(GOST)
alloy grade
C
Si
Mn
Ni
S
0.9-1.05 0.1-0.4 0.8-1.1 max 0.4 max 0.03
ΧΒΓ
107WCR5 EN
P
Cr
W
Cu
Fe
max 0.03 0.9-1.2 1.2-1.6 max 0.3
Bal.
Table 2: Temperature of critical points for steel ΧΒΓ [8]
Critical point
Ac1
Acm
Ar1
Temperature, °C
750
940
710

Ms
210

The microstructure of steel used for experiments was examined
by optical microscope optical microscope Nikon equipped with
video camera Nikon DS-2 16 MP and objectives Nikon TU Plan
Fluor 10×/0.30 and Nikon TU Plan Fluor 100x/0.90.
The temperature of specimen during tempering was measured
by welded chromel-alumel thermocouple of 0.3 mm wire diameter.

3. Results and Discussion

Fig. 4 Influence of tempering temperature on retained plastic deflection
of elastically bent specimen when tempering duration is 60 min

The microstructure of quenched steel ΧΒΓ consists of
martensite, retained austenite and carbides (Fig. 3). Amount of
retained austenite can vary from 18 % to 20 % [9].

Fig. 3 Microstructure of oil quenched steel ΧΒΓ: dark martensite and
white retained austenite

Fig. 5 Influence of tempering duration on relaxation properties of steel
ΧΒΓ specimens

The influence of tempering duration at 250°C temperature on
the remained plastic deflection of specimens is shown in the Table
3.

The second (stabilizing) tempering of already tempered in
stressed state specimens was performed for the reason to clarify, if
the microstructure of tempered specimens was stable. The change of
the plastic deflection of steel specimens after stabilizing tempering
is shown in Fig. 6. After second tempering at stabilizing 170 °C
temperature, the certain part of plastic deflection eliminated due to
metastability of microstructure. The lower tempering temperature
was set, the higher percentage of eliminated plastic deflection
occurred.

Table 3: Values of elastic and plastic deflections of steel specimens before
and after tempering at 250°C when initial fixed elastic deflection is 1 mm
Remained plastic
Tempering
Fixed elastic
Coefficient of
deflection after
duration, min
deflection ye, mm
stress relaxation, k
tempering yp, mm
10
1.05
0.03
0.03
30
1.03
0.14
0.14
60
1.02
0.51
0.49
120
1.02
0.59
0.59
240
1.05
0.77
0.73

In the same way, the results were obtained at tempering
temperatures 200, 225, 275, 300 and 400 °C and at fixed initial
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Москва, Машиностроение. 1989. 640 с.
9. Kandrotaite Janutiene R., Baltusnikas A., Mazeika D.
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tool steel. Materials science and technology 2018, MS and T 2018,
October 14-18, Columbus, OH, USA. Columbus, OH : MS&T18,
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Fig. 6 Magnitude of percentage of plastic deflection elimination after
the second tempering (stabilizing) at 170 °C temperature

The biggest variation of plastic deflection is then, when
tempering temperature is low (less 300°C). This shows that at the
lower tempering temperature stresses in steel microstructure have
the biggest influence on tempering transformations, e.g. tension
stresses stop mostly the transformation of martensite. That is why
martensite has heterogeneous structure after tempering and,
therefore, increased self-deformations. The continuance of
tempering also makes the same influence: after the short-term
tempering the self-deformation is rather big – up to 40-75 %.

4. Conclusions
Following the investigation of the relaxation properties of steel
ΧΒΓ during tempering, the following conclusions were formulated:
1. The quenched steel becomes significantly plastic during
tempering; therefore, the part of elastic stresses relaxes – the part of
elastic deflection becomes plastic. Relaxation properties of steel
increase with the increasing of tempering temperature and heating
duration.
2. For the straightening the tools must be tempered at the
temperature 170°C for 1 hour, bent in the device (evaluate
relaxation properties), heated in the furnace at the certain
temperature for 1 hour, then cooled in the air and tempered at the
same temperature for 1 hour. The initial fixed elastic deflection of
tool in the device is calculated considering the relaxation properties
of steel at the temperature of tempering and self-deformation during
the stabilizing tempering.
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Abstract: The high specific strength of Ti-based alloys and composites makes them highly requested materials in various structural
applications. However, reinforcement of the alloys with hard particles generally lowers the values of toughness and plasticity of material. A
satisfactory combination of plastic and strength can be achieved by formation of layered structures comprising of two and more layers of
different materials with different chemical compositions within individual layers. The multi-layer materials allow controlling the mechanical
properties of the individual layers by changing microstructure and chemical composition within each layer specifically. In the present study,
a cost-efficient process of fabrication of Ti-based multi-layer composites using blended elemental powder metallurgy (BEPM) and TiH2
powder is proposed. Two and three-layered composites based on titanium or Ti-6Al-4V alloy and their metal-matrix composites (MMC) with
TiC and TiB were fabricated. Multi-layered samples reinforced by TiC were successfully sintered due to very close shrinkage of adjacent
layers. Shrinkage values of layers reinforced by TiB were lower than those for the Ti-alloy, which led to delamination of layered structures,
distortion of shape, and cracking. We can control shrinkage in individual layers by means of optimizing the powder size, that allows to
obtain multi-layer titanium matrix composites reinforced by TiB with well-balanced mechanical properties.
Keywords: TITANIUM HYDRIDE, METAL-MATRIX COMPOSITES, TITANIUM CARBIDE, TITANIUM BORIDE, MULTILAYERED, MICROSTRUCTURE, POWDERS.
matrix composites (MMC) on its base reinforced with hard TiC or
TiB particles to create layers with high strength and high hardness.
So, 2-layered samples consisted of Ti-6Al-4V alloy layer and MMC
layer with either TiC or TiB particles as well as 3-layered samples
consisted of Ti-6Al-4V alloy layer and MMC layers with different
volume fraction of particles (either TiC or TiB) were explored.
Multi-layered titanium matrix composites were fabricated using
BEPM. Hydrogenated titanium (TiH2) powder (3.5 % H, wt.) was
used as the base powder for fabrication. TiH2 powder with different
particles sizes (<40, <100, 100-125 µm) were used to evaluate the
densification of individual blends to compensate the shrinkage
mismatch of adjacent layers reported earlier [7]. Powder of
hydrogenated titanium was blended with 60%Al-40%V master
alloy powder (particles size < 63 μm) to form blend of total Ti-6Al4V composition. Whenever inclusions of the second phase, such as
TiB or TiC were needed to form MMC their powders were added at
required amounts to the blends and mixed before the pressing. TiC
powder with the size 1-30 μm was used to make MMC with 5 and
10 % (vol.) of reinforcement particles. In order to obtain TiB
inclusions as a part of composite we used TiB2 powder with the size
5-30 µm expected to chemically transform during the sintering
following the reaction: TiB2+Ti=2TiB. For the layered structures,
blends for each layer were prepared separately and added to the die
before the pressing. We used two different compaction pressure. By
using the die-pressing protocol relatively large flat products,
preform plates, with the size 90×90×18 mm were pressed at
150 Mpa. A smaller size samples, bars, with dimention
65×10×10 mm, at 150 and 640 MPa. Single layer materials were
fabricated to test the properties of individual layers, whereas bi- and
three-layer structures were made to test mechanical properties
MMC. Sintering of all preform samples was conducted in vacuum
furnace (1250°C, 4h) followed by the slow furnace cooling. That
provided dehydrogenation of titanium and formation of the bulk
samples. We also performed some experiments to form the bilayered structures of Ti-6Al-4V alloy and MMC on its base where
we used comecially pure Ti (CP-Ti) powder besides the TiH2
powder. That was done to conduct the study on effect of the
powder’s hydrogen content on the shrinkage effect of the layered
compacts during their sintering.

Introduction.
Titanium alloys are widely used in automotive, aerospace and
advanced military applications because of their unique set of
properties such as high specific weight, great strength and ductility,
good corrosion resistance [1-2]. However, as technology evolves,
homogeneous titanium materials may not always satisfy operating
requirements. First of all, it is not possible to achieve a combination
of high strength values without decreasing toughness and ductility
of the material. This combination of properties for titanium
materials can be achieved by creating multilayer gradient products
with different chemical composition and microstructure in each of
the individual layers and leads to different properties of each layer.
The different layers combination in one product allows to achieve
unique properties that are unusual to homogeneous materials. One
of the most optimized method for this class of materials is powder
metallurgy approach that allows to obtain finished products which
combines production simplicity and economical profit. Multilayer
materials in which the top layer consists of titanium-matrix
composite materials reinforced with titanium carbide or titanium
boride can be successfully used as wear-resisting material in
aviation, machine manufacturing and Anti-ballistic military
applications.
The aim of this work was to study the features of the production
of 2-3 layered titanium materials by using titanium matrix
composite materials with titanium carbide particles or titanium
boride by powder metallurgy approach.
The technological cost-effectiveness of titanium alloys usage
was demonstrated in [3-4]. This approach has been successfully
used in the production of titanium-matrix composite materials with
both TIC and TiB [5-6]. This approach allows to achieve: low
porosity values of sintered materials, purified materials from
impurities by atomic hydrogen releasing, and reducing the final
product cost.
Materials and experimental procedure.
The bi- and three-layered structures were fabricated in this
study by combining the layers with high strength and hardness, and
the layers with high toughness and ductility in one device.
Ti-6Al-4V alloy was used to provide sufficient ductility, and metal-

The residual porosity of fabricated structures, their shrinkage
after the sintering and mechanical properties were measured on
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materials with different individual compositions. The total
shrinkage upon 4-hour sintering was determined by comparing
linear dimensions of the samples before and after sintering; the
measurement error was 0.2%. Additionally, in-situ shrinkage
measurements were performed on a high-temperature vacuum
dilatometric system [8]. The measurements were conducted during
continuous heating of the samples at a rate 7°C min −1 up to 1250°C.
Densities of individual materials were measured with the
Archimede’s technique.

reinforcement process. When TiB is used, multi-layer materials
have size distortions and cracks between layers (Fig. 2).

Microstructure of the samples was studies using light optical
microscopy (LOM), scanning electron microscopy (SEM). Light
optical microscopy was performed on M600 (Nikon), an IX70
(Olympus). Polished samples for LOM were etched with Kroll`s
reagent. Scanning electron microscopy was performed on VEGA 3
(Tescan).
a

Vickers hardness tests were performed on a Wolpert Wilson
452 SVD system. HV hardness values were average of 5–6
measurements performed for each condition.

b

Fig. 2 Examples of sintered (1250°C, 4h) MMC containing layers
reinforced with TiB. The plate demonstrates the significant
distortion, delamination and extensive cracking caused by the
composite layer (b). Image (a) shows bi-layered bars of Ti-Al6-4V
alloy and MMC with the TiB.

Three-point flexural tests on the bar samples of sintered bilayered structures were performed on an INSTRON 8802 following
ASTM E290-14 standard. Each value on flexural tests was an
average of at least 3 samples tested. In 3-point flexural test on bilayered samples the concentrated load was applied on the side of
MMC.

A detailed study of shrinkage processes in the material
reinforced by TiB by means of dilatometry showed that the
shrinkage values of titanium hydride was 10% (Fig.3). The addition
of Al-V alloying powder did not affect the shrinkage behavior of
the compact. The addition of 10% of TiC particles to a Ti-6Al-4V
compact led to a reduced shrinkage level of about 8–8.5%.
However, the presence of 10 and 20% TiB particles in the blend
reduced the size of the samples by only 4 and 2 % correspondingly
as seen in curves 4 and 5 (Fig.3). The powder blend compact with
20% TiB was made to test specifically the shrinkage behavior of
compacts with a higher fraction of TiB. This test demonstrated that
the shrinkage level of compacts reduced when the boride particle
content increased.

Results and discussion.
To achieve the highest possible balance of mechanical
properties of multilayer materials it is necessary to obtain chemical
and microstructural homogeneity in every material layer during
sintering and reduce residual porosity of the product. It is necessary
also to achieve maximum adhesion between the material layers
(alloy and composite material) and prevent the formation of cracks
between adjacent layers. An important condition of the hydride
approach is complete hydrogen removal (less than 0.01 wt.%)
during the sintering in vacuum to avoid hydrogen embrittlement.
Produced multi-layer materials with 5% and 10% ТіС satisfy all
of the above requirements (Fig.1). Each layer of Ti-6Al-4V/Ti-6Al4V+5%TiC/Ti-6Al-4V+10%TiC material has a homogeneous
microstructure and different residual porosity (3-5%). The
boundaries between the material layers have an excellent adhesion
without cracks between them. Layers shrinkage of gradient material
is at the 15.1-15.8%, significant shrinkage is caused by the change
in the phase state of titanium (δ(TiH2) → α(Ti) → β(Ti)) and the
diffusion processes during the sintering of powder mixtures. It
should be noted that the addition of 5% and 10% TiC, which is inert
and almost does not interact with the matrix phase during sintering,
to the matrix phase (Ti-6Al-4V) as a reinforcing additive has little
effect on the shrinkage of the respective layers. So, multi-layer
materials were successfully produced from the layers based on
titanium and titanium-matrix composites with TiC with excellent
adhesion between the layers.

Fig. 3 Dilatometric heating curves for TiH2 powder compact
(1) and different compacted powder blends on the base of TiH2.
Blend compositions correspond to: Ti-6Al-4V (2), Ti+10%TiC (3),
Ti+10%TiB (4), Ti+20%TiB (5).

a

TiB particles are formed within the MMC following an in situ
reaction (TiB2+Ti→2TiB) above 900°C. At this temperature, we
observe elongation instead of shrinkage. Within this temperature
range, the diffusion of boron into the titanium matrix leads to the
formation of a TiB needle and an increase in the porosity due to the
large difference in mutual diffusion mobility of boron and titanium
(Kirkendall effect). This effect increases with titanium diboride
increasing in the starting mixture.

b

Fig.1 Appearance (a) and microstructure (b) of metal matrix
composites reinforced whit TiC.

When heating MMC containing TiB particles there is a
significant difference in shrinkage of individual layers (15-17% for
Ti-6Al-4V alloy and 8-11% for ММС). This disparity causes

The fabrication of multi-layer material reinforced by titanium
boride particles is fundamentally different from the TiC
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significant shape change (bending), cracking of the plate surface
and visible delamination of the layers (Fig. 2).

were then sintered successfully with no shape alteration or
delamination between the layers. Fabricated plates had dimensions
acceptable for further ballistic testing (Fig. 6).

We need to identify the factors that allow to adjust the
shrinkage separately for each layer to equalize the shrinkage
mismatch between the individual layers during sintering. It is
known that material shrinkage can be influenced by using titanium
powder instead of titanium hydride, compression pressure (Fig. 4),
and the size of initial particles [9].

Fig.5 Shrinkage of TiH2 powder with different particle sizes at
150 MPa compaction pressure.
Measured characteristics of the sintered materials for each
individual layer are presented in Table 1. The residual porosity was
the lowest (~ 1.8%, item 1, Table 1) for Ti-6Al-4V. To match the
shrinkage value of the related Ti-6Al-4V layer, relatively coarse
TiH powder was used resulting in a higher (~3.6%) residual
porosity (item 4, Table 1). Ti-6Al-4V samples with TiC had
somewhat higher porosities (~ 3.6-3.8%, items 2-3, Table 1). An
increase in TiC particle volume fraction (from 5 to 10%) in the Ti6Al-4V matrix did not noticeably change porosity. However,
residual porosity of MMC reinforced with TiB particles was
markedly affected (from 4.5% to 8%) by the increase of
reinforcement particles volume from 5 to 10% (items 5, 6, Table 1).

Fig.4 Test results for evaluation of parameters affecting the
shrinkage of bi-layered plates based on the alloy and MMC with
10%TiB particles, including compaction pressure (150 and
640 MPa) and hydrogen content in the base powder.
In order to determine the equalizing potential of the shrinkage
values of Ti-6Al-4V and Ti-6Al-4V+10ТіВ layers, we performed a
special test on bi-layered preforms. Samples were tested at two
different compaction pressures: 150 and 640 MPa, using three
different powder combinations. Layers were made using
preliminary dehydrogenated TiH2 (CP-Ti) powder and TiH2
powder. In general, the shrinkage of the hydrogenated powder
layers is noticeably higher than those based on CP-Ti powder. At
the same time, the shrinkage of all bars during sintering decreases
with increasing the compaction pressure. Additionally, MMC layers
with 10% TiB in all three combinations demonstrate a lower linear
shrinkage (3–9 %) compared to the adjacent alloy layer (6–17%) for
both tested powders (TiH2 and CP-Ti). Fig. 4 shows the acceptable
inter-layer shrinkage mismatch that can be achieved when CP-Ti
powder is used for the alloy layer and TiH2 for the MMC, at applied
pressure of 640 MPa. Unfortunately, it is difficult to access such
equipment. In this case we didn't want to lose the positive effect of
titanium hydride.

a

According to [10], the selection of powder size is a very important
parameter, which can be used to control the densification of sintered
products. In our case densification of each layer can be specifically
adjusted by choosing a different powder sizes for different layers’
blends. We have tested the effect of powder size on shrinkage levels
using TiH2 with the particle sizes varied in the range of <40μm to
100–125μm (Fig 5). Samples were compacted at 150 MPa and
preforms were sintered following the standard protocol used in this
study. The shrinkage levels ranged between 18 to 13%, with the
highest densification value measured for the smallest particle sizes
tested. This method of control over the powder particles size can be
efficiently applied for minimization of the shrinkage mismatch
between Ti-6Al-4V alloy and TiB MMC.
Additional testing was performed on two different bi- and threelayer bars to check the combined effect of powder size and type.
We used TiH2 powder for both layers. The use of only
hydrogenated titanium as the base powder guaranteed a lower
residual porosity within all layers after sintering and potentially
could provide better mechanical properties. The particle sizes of the
base powders were different and properly selected for each layer
(proprietary data). Hence, only hydrogenated titanium was used as
the base powder in the following experiments. Binary and ternary
bars and plates made by using the optimized powder particle sizes

b
Fig.6 Metal-matrix composites sintered using optimized parameters
at 150 MPa compaction pressure(а). Three-layers fabricated using
TiH2 powder of different particle sizes. The microstructure shows
sintered 3i-layered plate fabricated using optimized parameters (b)
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Table 1: Residual porosity, Vickers hardness and tensile
properties of individual layers.
№

Material

1
2
3

Ti-6Al-4V
Ti-6Al-4V
Ti-6Al4V+5%TiC
Ti-6Al4V+10%TiC
Ti-6Al4V+5%TiB
Ti-6Al4V+10%TiB

4
5
6

Porosity,
%
1.8
3.6
3.6

Hardness,
HV
345
299
333

UTS,
MPa
1034
969
708

Elong.,
%
7.2
8.3
<1

3.8

373

618

0

4.5

327

847

0

8

324

512

0

Conclusions.

Multi-layered titanium plates comprised of layers of Ti6Al-4V and Ti-6Al-4V-based MMC reinforced with TiB or TiC
particles were successfully fabricated using BEPM (cold pressing
and vacuum sintering).

The technological parameters (initial particle size,
pressing and sintering conditions) of production were optimized.
Sintered materials demonstrate similar shrinkage levels and uniform
microstructure within each layer and complete integration between
layers of different chemical composition, providing sufficient
properties for anti-ballistic applications.

It was shown that two-layer materials Ті-6Al-4V/Ті-6Al4V+ТіВ(ТіС) have an order of magnitude greater deformation
energy than the corresponding single-layer Ті-6Al-4V+ТіВ(ТіС)
analogues.

Multi-layered plates fabricated in the course of this study
using BEPM were successfully tested for anti-ballistic application.
The advantages of multilayer structures in comparison with the
single-layer titanium alloys obtained by the methods of casting and
hot deformation were shown.

Vickers hardness and tensile properties of all materials
(Table 1) are determined by the combined effect of residual porosity
and the fraction of reinforcement particles used. An increasing
amount of strengthening particles causes the expected drop in
tensile elongation, while the anticipated increase in strength and
hardness is not always observed due to a related increase in porosity
and premature brittle fracture prior to yield stress.
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Different bi-layered samples of Ti-6Al-4V alloy and MMC with
5 and 10% of either TiC or TiB particles were produced using
optimized shrinkage regimes. The results on their mechanical
behavior upon 3-point flexure tests and fracture analysis are quite
positive. The combination of hardness and robustness of MMC
layer and plasticity and toughness of alloy layer together gives high
balance of mechanical characteristics (Table 2).
Table 2: Three-point flexure test data on bi-layered samples
with different composition. Flexure test shows results for the
concentrated load applied on the MMC side.
№

Material

1

Ti-6Al-4V+5%TiB/
Ti-6Al-4V
Ti-6Al-4V+10%TiB/
Ti-6Al-4V
Ti-6Al-4V+5%TiC/
Ti-6Al-4V
Ti-6Al-4V+10%TiC/
Ti-6Al-4V

2
3
4

Flexure Strength,
MPa
1710

Flexure
Strain, %
10.3

1660

9.1

2140

18.5

2158

14.0

Deformation Energy was calculated by measuring the area
under the engineering stress-strain curve using standard options of
the Origin Pro software. The physical meaning of this parameter is a
total energy or work which must be spent to deform the sample
(including elastic, uniform and localized plastic deformation) to
fracture it [11]. The bi-layered samples demonstrate higher
deformation energy (Ti-6Al-4V/Ti-6Al-4V-5%TiB - 80 MJ/m3, Ti6Al-4V/Ti-6Al-4V-5%TiC - 300 MJ/m3) compared to single-layer
composites (Ti-6Al-4V-5%TiB - 15 MJ/m3, Ti-6Al-4V-5%TiC - 30
MJ/m3)
Ballistic tests were performed at NATO certiﬁed laboratory
(lvan Tchernyakhovky National University of Defense Kyiv,
Ukraine). Two different projectiles were tested: caliber 7.62 mm
and caliber 5.45 mm; projectile speed was in the range of 830-960
m/s, and the shooting distance was 15 m. The results of antiballistic tests of sintered structures demonstrate promising
protective characteristics. Bi-layered structures enable absorbing
higher energy upon impact compared to single-layer plates made by
casting and hot deformation methods.
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TITANIUM DIBORIDE REINFORCED IRON MATRIX COMPOSITES
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Abstract: Titanium diboride reinforced iron matrix composites were produced via powder metallurgy techniques. Iron powder (<10
microns) and titanium diboride powder (<10 microns) were mixed in a ball mill and the powder mixture was cold compacted in a steel die at
550 MPa pressure. Amount of titanium diboride that was added into iron was in 3-10 wt %. Sintering was performed at 1120 oC for 30
minutes in argon atmosphere. Sintered samples were subjected to three-point bending tests, hardness measurements and microstructural
examinations.
It was found that the hardness of the composites increases significantly with the increase in the amount of titanium diboride addition.
Hardness of unreinforced iron was 50 Brinell 10 and that of 10 % titanium diboride reinforced composite increased to 100 Brinell 10. On
the other hand, there was a decrease in the bending strength and strain of the composites, with increasing titanium diboride addition.
Bending strength of unreinforced iron was 850 MPa and that of 10 % titanium diboride reinforced composite decreased to 350 MPa.
Keywords: POWDER METALLURGY, METAL MATRIX COMPOSITE, TITATIUM DIBORIDE

1. Introduction
Table 1: Amounts of the constituents of the composites

In composite materials, two or more different material class are
combined in proper ratios in order to obtain a multi component
material having superior properties than those of its constituents. In
composite materials, the constituents are separated by definite
boundaries. The properties of composite materials can be tailored
according to size, distribution and orientation of the reinforcement
phase [1-3].
Generally, in the class of ductile matrix composites,
reinforcement phase is harder than the matrix phase, for the purpose
of increasing the hardness of the matrix phase. Therefore, for metal
matrix composites, reinforcement phase is mostly ceramics.
Reinforcement phase may be in the form of particles or fiber.
Aluminum, copper, iron are the most widely used metal matrix
materials. B4C, Al2O3, TiB2, SiC are the commonly used
reinforcement materials [1-3].

Sample No

Fe (Wt. %)

TiB2 (Wt. %)

1

100

0

2

97

3

3

93.5

6.5

4

90

10

Scanning electron micrograph of the Fe powder, which was
used in the present study, is given in Fig. 1. It can be seen that the
Fe particles are mostly sphere shaped. The size of the particles can
be seen to be smaller than 10 microns.

Mostly, the reaction between the phases constituting a
composite material is undesired. On the other hand, in order to
achieve good wetting of the matrix phase over the reinforcement
phase, reaction is desired to some extent. In the case of irontitanium dibromide system, solubility of titanium diboride is very
low in iron. Formation of iron borides results from the reaction of
iron and titanium diboride at high temperatures [4,5].
Powder metallurgy method is one of the techniques that is well
suited for the fabrication of metal matrix composites. In this
technique, powder or metals and ceramics are shaped mostly by
pressing, after mixing of the constituents of the composite material.
Then, the green compact is sintered under pressure or without
pressure. Control of the microstructure is superior in powder
metallurgy, as compared to other manufacturing methods [6,7].
In the present study, TiB2 reinforced iron matrix composites
were produced by powder metallurgy methods. After mixing and
compacting the iron and TiB2 powders, the green sample was
pressureless sintered in argon atmosphere. Mechanical properties
and microstructure of the composite samples were investigated.

Fig. 1 Scanning electron micrograph of the Fe powder.

Particle size distribution plot of the Fe powder, which was used
in the present study, is given in Fig. 2. The average particle size is
about 8 microns. The second mode in the particle size distribution
plot has an average particle size of 50 microns. This can be due to
agglomeration of the iron particles. Such agglomerates can be seen
in the scanning electron micrograph of the Fe powder given in Fig.
1.

2. Experimental Procedure
In the present study, effect of TiB2 reinforcement addition into
iron matrix has been investigated. TiB2 reinforcement amount was
3, 6.5 and 10 % of the iron matrix (Table 1).
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3. Results and Discussion
Sintered unreinforced iron specimen and composites containing
TiB2 reinforcement particles were subjected to microstructural
examinations with optical microscope.
Optical micrograph of the unreinforced iron sintered sample is
given in Fig. 4. The phases in this sample was investigated by SEMenergy dispersive spectroscopy (SEM-EDX). The continuous phase
that has light color is iron. The small particles with gray color were
found to contain oxygen. Therefore they are most probably iron
oxide particles, which may have formed during sintering due to
residual oxygen in the furnace atmosphere.

Fig. 2 Particle size distribution of the Fe powder.

Scanning electron micrograph of the TiB2 powder, which was
used in the present study, is given in Fig. 3. It can be seen that the
TiB2 particles are irregular shaped with angular morphology. The
size of the particles can be seen to be finer than 10 microns.

Fig. 4 Scanning electron micrograph of the unreinforced iron specimen.

Optical micrograph of the sintered composite sample reinforced
with 3 % TiB2 particles is presented in Fig. 5. TiB2 particles can be
seen in these micrographs as the irregular shaped particles. In the
matrix there are also regions that are slightly darker than the matrix
phase. These regions were found to contain B, in addition to Fe, by
SEM-EDX analyses. Thus it is probable that these regions are iron
boride.
I
Fig. 3 Scanning electron micrograph of the TiB2 powder.

After weighing and mixing the Fe and TiB2 particles, the
powder mixtures were cold compacted in a tool steel die. The
compacted green sample had 2.5 mm thickness, 6 mm width and 16
mm length. The compacting pressure was 550 MPa. Higher
pressures resulted in lateral cracking of the green sample.
Sintering operation was conducted in an atmosphere controlled
tube furnace having a mullite tube. The inner diameter of the
furnace tube was 50 mm. Sintering of the samples was performed at
1120 oC, which is the conventional sintering temperature of the iron
powder metallurgy parts. Heating and cooling rates were kept at 5
o
C/min.
Sintered samples were subjected to 3-point bending tests in a
universal mecahanical testing machine (Shimadzu AG-IC, 50 kN).
After that hardness values of the samples were determined in
Brinell 10 scale. After mounting the samples in Bakelite, they were
ground with 600, 1200, 3000 grit emery paper. Final polishing was
conducted with 1 micron diamond paste. Microstructure of the
composites was investigated with optical microscope (Nikon
Eclipse LV150) and scanning electron microscope (SEM), (FEI,
Quanta FEG 250).

Fig. 5 Scanning electron micrograph of the composite containing 3 % TiB2
particles.

Sintered unreinforced iron sample and composite samples were
subjected to hardness measurements with Brinell hardness tester.
Results of the mechanical tests are presented in Table 2 and Figs. 6
and 7.
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4. Conclusion
Table 2: Hardness and bending strength values of the composites
Sample
No

TiB2
(Wt. %)

Hardness
(HB10)

Bending
Strength
(MPa)

1

0

65.6

909.8

2

3

80.5

675.9

3

6.5

99.6

438.6

4

10

109.9

369.2

TiB2 reinforced iron matrix composites were produced by
powder metallurgy. The effect of TiB2 reinforcement was observed
especially on the hardness of the composites. Hardness of the
unreinforced iron specimen was about 60 HB10, whereas hardness
of the composites sample containing 10 % TiB2 was about 110
HB10. On the other hand, bending strength was seen to decrease
with the increase in the TiB2 content of the composites. This was
most probably due to the formation of iron boride phases in the
structure.
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Hardness values of the unreinforced iron sample and TiB2
reinforced composites are presented as a function of TiB2 content in
Fig 6. The hardness of unreinforced Fe sample after sintering was
about 60 HB10. Hardness of the composites was seen to increase
significantly with the increase in the TiB2 content of the
composites. Hardness of the composite containing 10 % TiB2 was
about 110 HB10.
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Bending strength values of the unreinforced iron sample and
TiB2 reinforced composites are presented as a function of TiB2
content in Fig 7. The bending strength of unreinforced Fe sample
after sintering was about 900 MPa. Strength of the composites was
seen to decrease with the increase in the TiB2 content of the
composites. Strength of the composite containing 10 % TiB2 was
about 370 MPa.

Fig. 7 Bending strength values of the composites as a function of TiB2
content.
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Abstract
Zirconium dioxide-titanium dioxide coatings were obtained by sol-gel method on stainless steel plates. The samples were treated at three
Zirconium dioxide-titanium dioxide coatings were obtained by sol-gel method on stainless steel plates. The samples were treated at three
temperatures 300, 400 and 500oC. The morphology and chemical surface composition were examined by Scanning electron microscopy
(SEM), atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS), while the phase composition was examined by X-ray
diffraction analyses (XRD). The corrosion resistance was evaluated by weight loss measurements in NaCl medium. The coatings are possess
relatively smooth surface with some microcracks. After corrosion test the coatings treated at 500oC, keep their surface structure without
visible signs of corrosion and thecorrosion tests revealed zero mass loss. The good protective properties of these coatings could be attributed
to (i) amorphous structure, leading to deterioration of the ion and electron conduction of the films and (ii) probably increased density after
the thermal treatment.
Keywords: SOL-GEL, NANOSIZED FILMS, PROTECTIVE PROPERTIES, FILMS

1. Introduction
The stainless steels are widely used in various industrial
applications because of their excellent corrosion resistance and
their mechanical properties, but unfortunately in saline medium
begins process of corrosion and as consequence the loss of the
mechanical properties (especially the hardness) [1]. In order to
improve the corrosion stability of the steels an excellent
alternative for protecting is to coated the surface with oxide,
carbide or oxynitride layer. The oxide coatings have attracted
wide research interest because they can be provide high wear and
corrosion resistance, thermal insulation etc of the steel. [2].
Titania and titania based composite coatings on metal surface can
be used as catalysts, biomedical materials, solar cells and
protective layers on metals surface to improve the corrosion
resistance [3]. Zirconia (ZrO2) is an important ceramic material
for industry applications due to its wide band gap and thermal
stability, the latter of which is attractive to be used as a barrier
coating for stainless steel [4]. Currently, several techniques are
commonly used to deposit ZrO2 and ZrO2 composite oxide
coatings on steel surfaces: chemical such as sol–gel deposition
[5], physical as: pulsed laser deposition (PLD) [6] chemical
vapor deposition [7], magnetron sputtering technique [8]. Among
them, the sol–gel method appears to be promising as it is low
cost deposition method with capacity to yield coatings with a
wide range of compositions on substrates with different size or
geometry. Zirconia-titania compositions have gained use as a
good thermal and corrosion protective barrier coating due to their
properties as a combined material. Recently, Wang et al. have
showed that the ZrO2/TiO2 coatings possesss superior corrosion
resistance, cytocompatibility an antibacterial property and have
potential in the fields of titanium alloy implants [9] The aim of
this study is to prepare the composites ZrO2-TiO2 using organic
Zr precursor and to investigate the effect of thermal treatment on
their corrosion resistance in NaCl medium.

2. Experimental procedures
Zirconium solution A was prepared using zirconium butoxide;
Zr(OC4H9)4 and AcAc dissolved in 2-propanol and small quantity of
acetic acid. Finally, polyethylene glycol (PEG) Mw=400 was
added. The mixture was stirred for 2 hours. The steel substrates
were ultrasonically cleaned in ethanol and acetone. Then the
substrates were immersed and withdrawn at a speed of 30
mm/min. The procedures deposition drying at 300 оС were
repeated 5 times, after that the samples were treated at 300оС,
400 и 500 оС and denoted as A3 , A4 and A5, respectively.

The phase compositions of the samples were studied by X-ray
diffraction (XRD) with CuKα-radiation (Philips PW 1050 apparatus).
A scanning electron microscope (SEM) Philips 515 was used for
morphology observations of the films. The surface topography was
studied by means of Atomic Force microscope (AFM) (NanoScopeV
system, Bruker Inc.) operating in tapping mode in air. The scanning
rate was set at 1 Hz. Subsequently, all the images were flattened by
means of the Nanoscope software. X-ray photoelectron spectroscopy
(XPS) was applied to investigate the chemical composition and
electronic structure of the films surface. The measurements were
carried out on AXIS Supra electron- spectrometer (Kratos Analitycal
Ltd.) using achromatic AlKα radiation with a photon energy of 1486.6
eV and charge neutralisation system. The binding energies (BE) were
determined with an accuracy of ±0.1 eV, using the C1s line at 284.6
eV (adsorbed hydrocarbons). The chemical composition in the depth
of the films was determined monitoring the areas and binding energies
of C1s, O1s and Zr3d photoelectron peaks. The corrosion resistance of
the investigated samples and uncoated stainless steel (reference
sample) estimated by weight loss were studied using salty corrosive
solution of 3.5% NaCl at 25°C (EN ISO10289/2006) The temperature
of the solution and the air temperature were controlled by calibrated
thermometers. The mass weight loss was determined after 650 hours
of corrosion attack. The calculation of the corrosion rates K of in salt
medium [g/m2h]) was performed by determining the mass loss
coefficient Δm (g) for each test period. In order not to disturb the
integrity of the test coating, the samples were washed several times
with distilled water and dried before weighing.

3. Results and discussion
The XRD patterns of the samples were not revealed any peaks of
crystalline ZrO2, so the structures are amorphous. It have been
established that the structure of the ZrO2-TiO2 sol gel membranes is
still in amorphous phase up to 500°C and that the crystallization
temperature of the mixed TiO2/ZrO2 powder has been significantly
increased compared with the pure oxides. In addition Aust et al. have
studied the crystallization behavior of the composite powders ZrO2TiO2 and have proved that up to 600oC the composites are still
amorphous [10]. The amorphous structure of the composites suggests
the high thermal stability.
The surface composition and chemical state of the TiO2 - ZrO2 layers
were investigated by XPS. The XPS analysis shows peaks of C1s,
O1s, Zr3d and Ti2p on the surface of the films. The O1s peaks are
wide and asymmetric and two oxygen states are observed. The first
ones at ~529.8 eV are assigned to lattice oxygen in TiO2 and ZrO2.
The second peaks at ~531.6 eV are attributed to adsorbed hydroxyl

464

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 10/2019
groups. The Ti2p spectra have a peaks at ~458.3 eV for Ti2p3/2
and ~464.0 eV for Ti2p1/2. The doublet separation between the
2p3/2 and 2p1/2 peaks of ~5.7 eV and the registered binding
energies are characteristic of TiO2. The Zr3d5/2 peaks have a
maximum at 181.9 eV, typical for Zr4+ oxidation state (Fig. 1). In
precursor solution quantity of TiO2 and ZrO2 is 50 mol %. XPS
analyzes show that the TiO2:ZrO2 atomic ratio is 1:1 on the
surface of the films, obtained by Zr (OBu)4, which corresponds
well to the ration in the precursor solution.
Fig 5. Morphology of coatings A3 ( left) and A5 (right) after corrosion (right)
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Fig. 1. O1s, Zr3d, Ti2p core level spectra of the coatings

Fig. 2. Morphology of fresh coatings A3 (left) and after corrosion (right)

The coatings, treated at 300oC have island surface morphology
with shallow microcracks (Fig 2 and 3). The average roughness of A3
fresh sample, calculated by the AFM software program Ra is10 nm).
After corrosion test the surface of A3 exhibits more profound signs of
the acid attack. The samples A5 exhibit similar surface, bur longer
cracks are observable. (Fig 4). This can be attributed to the intrinsic
stress resulting from the mismatch between the thermal expansion
coefficient of the substrate and the coating (αZrO2 ~ 12.10-6 /oC, αsteel
~16.10-6 /oC). The main surface features do not change significantly
after the immersion in salt medium and keep its island structure.
Figure 5 reveals the main morphology features of the samples treated
at 300 and 500oC after the corrosion attack. It can to be noted that the
samples treated at higher annealing temperatures possess shallow
borders between the surface islands, while the lower temperatures of
treatment induces more pronounced and deeper cracks.
The corrosion test by weight loss method in Neutral Salt Spray
Chamber showed that composite coatings ZrO2 –TiO2 treated at 500oC
have higher corrosion resistance (corrosion rate is zero) than the coatings,
treated at lower temperatures. (Fig.6). This result probably is due to (a) the
amorphous structure of the investigated samples (as can be seen from the
XRD data). It was proved that the presence of amorphous structure of
TiO2–CeO2 composite deteriorates the ion and electron conduction of
the films, which in turn improves the barrier properties [10]; (b) the
increased treatment temperature leads to densification and
consequently increased coatings hardness. These two suppositions
may be the reason for the better protective properties of the
investigated system on the base of ZrO2 and TiO2 coatings..

Fig 3. AFM image (3D) of surface of fresh coating A3

Fig 6. Weight loss of the coatings after immersion in salt medium

4.Conclusions

Fig 4. Morphology of fresh coatings A5 (left) and after corrosion (right)

Zirconia-titania amorphous films have been prepared by sol-gel
technology and were studied as protective barriers against corrosion.
The samples possess relatively dense island structure with shallow
microcracks. The XPS data revealed that the Zr3d5/2 peaks corresponds to
Zr4+ oxidation state. After corrosion test the surface of coatings, treated
at 300oC exhibits more profound signs of corrosion, than those treated
at 400 and 500oC. The coatings treated at higher temperatures (500oC)
exhibited the best corrosion protective properties (corrosion rate is
zero), than those treated at lower temperatures. This could be
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explained by the amorphous structure and probably higher
density of the composites
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CRYSTAL STRUCTURE, MAGNETIC AND OPTICAL PROPERTIES OF THIN
FILMS, SYNTHESIZED ON BASE OF SmCo5 AND Nd2Fe14B POWDERS
КРИСТАЛЛИЧЕСКАЯ СТРУКТУРА, МАГНИТНЫЕ И ОПТИЧЕСКИЕ СВОЙСТВА
ТОНКИХ ПЛЕНОК, СИНТЕЗИРОВАННЫХ НА ОСНОВЕ
ПОРОШКОВ SmCo5 И Nd2Fe14B
А.Аplevich, dr. А.Galyas, dr. О.Demidenko, P.Lapotko, Т.Mazanik, D.Skrinnikov, dr. K.Yanushkevich
Laboratory of Phys. of Magnetic Materials – Scientific-Practical Materials Research Centre NAS, Minsk, Belarus
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Abstract: Thin Sm-Co and Nd-Fe-B layers with a thickness of ~ 30 – 850 nm were synthesized by thermal evaporation method using
permanent magnets SmCo5 and Nd2Fe14B powders as precursors on glass substrates. The crystal structure was studied by X-ray diffraction
in CuKa – radiation at room temperatures. It was shown that thin films are characterized by a highly amorphized crystalline state. It was
found that annealing of the films leads to the destruction of the compositions on the glass substrate. In the temperature range of 80 – 1100 K
using the ponderomotive method the specific magnetization in the “heating – cooling” mode was measured. Magnetic hysteresis loops were
studied in the temperature range of 5 – 300 K. In the wavelength range of 250 – 3000 nm, optical transmission spectra of transparent Sm-Co
and Nd-Fe-B films with a thickness of ~ 30 nm were studied.
KEYWORDS: THIN FILMS, CRYSTAL STRUCTURE, SPECIFIC MAGNETIZATION, OPTICAL SPECTRA

3. Results and discussion
1. Introduction

Figure 1 shows X-ray diffraction patterns of a Sm-Co film with
~ 850 nm thickness before and after annealing in vacuum at 580° C.

Permanent magnets based on rare-earth hard magnetic
materials are widely used in devices of technology and
microelectronics. The tendency to reduce the size and weight of
devices requires the creation of compact magnets. The fragility
inherent in permanent magnets does not allow to obtain products of
small sizes for multifunctional purposes. Alternative to cast and
powder magnets are film magnets. Of particular interest in
transparent magnetic film materials is their demand for the
development of new generation microelectronics devices. Thin-film
magnets have the following advantages: - the film thickness is quite
easily regulated by the speed and time of deposition; - linear
dimensions are set with high accuracy, their value is determined by
the stencil; - a combination of films having different coercive forces
and magnetocrystalline anisotropy perpendicular to the deposition
plane allows the creation of new magnetic systems.
SmCo5 and Nd2Fe14B magnets are highly coercive materials.
They are characterized by high magnetic and crystalline anisotropy.
The intermetallic compound SmCo5 has a hexagonal crystal
structure of the space group S.G.:P6/mmm with unit cell parameters
a = 0.499 nm, c = 0.398 nm [1]. The Nd 2Fe14B compound
crystallizes in the tetragonal syngony of the space group
S.G.:P42/mnm with parameters a = 0.881 nm, c = 1.221 nm [2]. In
the production of permanent magnets, Nd2Fe14B alloys are used
with deviations from the stoichiometric composition in the direction
of a slightly higher content of neodymium and boron to suppress the
formation of γ-Fe crystallites.

2. Experimental technique
Sm-Co and Nd-Fe-B films were synthesized by flash method
on optically transparent glass substrates by feeding powder to a
tantalum evaporator at a temperature of about 2000°C [3]. Powders
for synthesis were obtained by crushing the ingots of SmCo 5 and
Nd2Fe14B permanent magnets and their subsequent annealing in
vacuum above the Curie temperatures. X-ray diffraction studies
were performed in CuKα–radiation. The specific magnetization σ =
f(T) was measured by the ponderomotive method in a magnetic
field with an induction of 0.86 T in the 80 – 1100 K temperature
range [4]. The field dependences of the specific magnetization σ = f
(H) of the films were studied on a Cryogenic vibration
magnetometer in the temperature range of ~ 5 – 300 K. The optical
transmission spectra of electromagnetic radiation in the wavelength
range 200 – 3000 nm at room temperature were obtained on a Cary500 Scan UV-Vis-NiR Spectrometer.

Figure 1. X-ray diffraction patterns of a bulk SmCo5 sample (a) and
Sm-Co films before (b) and after (c) annealing
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On x-ray films, halo-like reflexes are manifested. This
indicates that a crystalline state characteristic of short-range
crystalline ordering takes place in the films. Annealing of the films
did not provide the crystalline ordering characteristic of the
powders, but led to the decay of the initial state. X-ray diffraction
patterns contain reflexes of low intensity of Co and Fe elements.
Figure 2 shows the results of studying the crystal structure of
powders and Nd-Fe-B films of different thicknesses. X-ray
diffraction patterns of Nd-Fe-B films with a thickness d < 80 nm do
not contain diffraction reflections characteristic of Nd2Fe14B
powders.

powders. At temperatures above the minimum temperature, an
increase in specific magnetization is observed in both dependences.
This can be interpreted as a result of the decomposition of SmCo 5
and Nd2Fe14B compounds with the release of unbound Co and Fe
elements. As a result, during cooling, the behavior of the
dependences σ(T) no longer corresponds to the dependences of
heating.
In the initial state of the films, there are also impurities of free
Co and Fe ions, what is indicated by the values of the specific
magnetization of the minima in the dependences σ = f(T). They are
significantly higher than the magnetization values characteristic of
the paramagnetic states SmCo5 and Nd2Fe14B. In films, the
paramagnetic state is not reached even at 1000 K. For Co this
temperature is of the order of 1388 K, and for Fe it is higher than
1040 K. The presence of iron in the film is also indicated by the Xray diffraction pattern of the Nd-Fe-B film: the maximum of the
halo reflection coincides with the most intense reflection (110) of
the bulk Fe sample. Measurements of σ(T) on powders also indicate
that even there is excess iron in it. So as in the paramagnetic state of
the Nd2Fe14B powder, the magnetization should be less than 1.0
A·m3/kg, while the experiment gives a specific magnetization of the
order of 5.0 A·m3/kg.

Figure 3. Dependences σ(T) of SmCo5 powder (a) and films
Sm-Co (b)
Using the dependences σ = f(T) and the expression:

Figure 2. X-ray powder pattern (a) and Nd-Fe-B films (b, c)

𝜇=

The instability to heating the crystalline state of the
synthesized films on glass was convincingly manifested when
measuring their fundamental magnetic characteristics in the
temperature range 80 – 1100 K. The σ(T) dependences of the SmCo and Nd-Fe-B films are shown in Figs. 3 and 4. Sm-Co film
thickness ~850nm, and Nd-Fe-B ~100nm. The dependences σ(T) of
the films have a minimum of specific magnetization near the Curie
temperatures typical fo SmCo5 (950 K) and Nd2Fe14B (650 K)

𝜎 ∙𝑀
𝑁𝐴

𝜇𝐵 =

𝜎 ∙𝑀
5585

,

(1)

where σ is the value of specific magnetization, M is the molar mass;
5585 – a value equal to the product of Avogadro number (NA) by
the Bohr magneton value (μB), the magnetic moments of the
synthesized thin Sm-Co and Nd-Fe-B thin layers at temperatures of
~ 80 and 300 K were determined (Table 1).

Table 1. Values of specific magnetization and magnetic moments at 80 and 300 K, optical transmission values and gap energy for Nd-Fe-B
and Sm-Co films
Сomposition

σ80 К, A·m3/kg

σ300 К, A·m3/kg

µ80 К

µ300 К

Т, %

ΔЕ, eV

Sm-Co film

62.197

57.674

4.956

4.596

6-80

0.8

Nd-Fe-B film

91.046

75.041

17.625

14.526

6-55

0.7
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Optical transmission spectra were studied on films with a
thickness of ~ 30 ~ 100 nm in the wavelength range 200≤λ≤2000
nm (Fig. 6). The spectra T = f(λ) of films 30 – 50 nm thick contain
an anomaly due to the absorption of electromagnetic radiation by
the substrate glass. The presence of the absorption edge of glass on
the spectra of films indicates that such films have an ―island‖
structure and radiation penetrates past sections of the substrate
coating that are inhomogeneous in continuity, increasing the
transmittance of light radiation. With a thickness of more than 50
nm, the films have a more continuous coating of the substrate. The
absorption edge of electromagnetic radiation by the substance NdFe-B and Sm-Co is also observed. This experimental result may be
due to the absence of a complete overlap of the conduction band
and the valence band characteristic of SmCo5 and Nd2Fe14B
powders.

Figure 4. Dependences of σ(T) for Nd2Fe14B powder (a) and
Nd-Fe-B films (b)
Figure 5 shows the magnetic hysteresis loops for the samples
of Nd-Fe-B films, which demonstrate a sharp decrease in the
remanent magnetization and coercive force with a decrease in the
film thickness to nanoscale values.

Figure 6. Optical transmission spectra Sm-Co (a)
and Nd-Fe-B (b) films
Based on the dependencies T = f (λ) using the relation:
((h) × h)2=A(hE0), where A is a constant,
were drawn dependences of (αhν)2 vs energy E (Fig. 7), allowing to
estimate the value of the gap energy between the valence band and
the conduction band. The presence of a gap with an energy of 0.7 –
0.8 eV between the conduction band and the valence band in layers
d <100 nm is permissible due to the manifestation of hopping
conductivity.
The main characteristics of the synthesized Sm-Co and Nd-Fe-B
films:
Surface Area
S ≈ (18mm • 20mm)
Density of the films Nd-Fe-B
7.4 – 7.5 g/cm3
Density of Sm-Co films
8.5 – 8.6 g/cm3
Layer thickness
30 nm ≤ d ≤ 400 nm
Specific magnetization Nd-Fe-B
≈ 45 – 80 A·m3/kg
Coercive force of Nd-Fe-B films
0.015 – 0.1 Tesla
Magnetic moment of the Nd-Fe-B
films at 80 and 300 K, respectively:
Specific Magnetization Sm-Co
61 – 64 A·m3/kg
Magnetic moment of Sm-Co films at 80
and 300 K, respectively:
Optical transmission for transparent 6% ≤ T ≤ 55%
films of Nd-Fe-B in wavelength range
250 - 3000 nm
Optical transmission Sm-Co transparent 6% ≤ T ≤ 80%
films wavelength range 250 - 3000 nm

Figure 5. Magnetic hysteresis loops for Nd-Fe-B thin layers.
(a) – specific magnetization dependence σ = f(В) of Nd-Fe-B
d≈250 – 280 nm thin layer;
(b) – magnetic hysteresis loop for transparent Nd-Fe-B thin
film d~100 nm
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Figure 7. Dependences of (αhν)2 vs energy E for Sm-Co (a) and Nd-Fe-B (b) films
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4. Conclusion
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Thin films Sm-Co and Nd-Fe-B, including transparent ones,
were synthesized. The experiment showed that the flash spraying
method can be used to synthesize films with a crystal structure that
is most suitable for the crystal structure of SmCo 5 and Nd2Fe14B
powders even under conditions of changing stoichiometry of the
precursor powders. It has been established that Sm-Co and Nd-Fe-B
films of nanoscale thickness have an uncompensated magnetic
moment and are capable of transmitting light radiation. It was found
that for synthesized films with thicknesses less than 50 nm, the
coating error is violated. They are "islet".
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COMPOSITE POLYMERIC MATERIALS MODIFIED BY NANODISPERSION
FUNCTIONALIZED PARTICLES
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Abstract: The paper considers the impact of functionalized nanosized carbon particles on the physicomechanical characteristics of
composite materials based on polyamides. The concentration of the modifier varied both in the field of “doping” concentrations and in the
field of concentrations used in the industrial production of nanocomposite materials based on polymer matrices. It was found that the use of
cryogenic treatment of the initial polyamide leads to an increase in physical and mechanical characteristics. The introduction of
nanodispersed particles in the field of "doping" concentrations increases the strength and hardness of the developed compositions based on
a polyamide matrix.
KEYWORDS: COMPOSITE MATERIAL, STRUCTURE, STRENGTH, HARDNESS, FRICTION
basic geometric parameters of the samples are measured. The fixed
samples are stretched by moving the beam, on which one of the
grips is fixed and a force measuring sensor is installed, which fixes
the value of the resistance of the sample under tensile load. The data
obtained is transmitted to a computer and presented in the form of a
graph of the dependence of the sample resistance force (N), as well
as the stress (MPa) on the movement of the beam (tension). The
values of ultimate stress and tensile stress of the specimen and
elongation are also determined. To assess the physical and
mechanical characteristics, the IPM-1K device was used.
3. According to studies [3], the introduction of
nanodispersed particles into the polyamide matrix leads to an
increase in physical and mechanical characteristics. To increase the
wear resistance of the PA-6-based coating, it was modified with
“doping” additives of nanomodifiers selected from the group:
UDAG, shungite, flint, metal nanoparticles of metals and metal
oxides (OM), granite flour, with their content from 0.01 to 1.0
wt.%. Due to the complex modifying effect of nanoparticles, the
adhesion of the composite coating to carbon and alloy steels (st 45,
st 40X) and the wear resistance index increase. At the same time,
despite the adsorption interaction of modifier particles with the
polar groups of the polymer matrix (the HNHCO ами amide group),
which determine the high adhesion characteristics of polyamide
coatings on metals, rather high values of the friction coefficient of
coatings remain in contact with a metal counterbody without
external lubrication ( f = 0.19-0.22). This is explained by an
increase in the deformation component of the coefficient of friction
with increased adhesive interaction [3]. Studies on the strength and
hardness of polyamide 6 modified with nanodispersed particles
showed an increase in the values of these parameters compared to
the original polymer (Fig. 1-3).

1.

Introduction.
Composite materials on a polymer matrix modified with
various types of micro-sized and nanosized particles are classified
as technological materials of a new functional generation. These
composites are among the most successfully introduced into the
production processes of various types of manufacturing products
and structures for various functional purposes. In this regard, the
volume of production of these materials is increasing annually,
replacing traditional types of polymeric materials and filled
compositions. Simultaneously with the development of the above
trend, energy-resource-saving technologies and materials are of
particular relevance in modern production. A promising direction in
the field of reducing wear and corrosion protection was the use of
functional composite polymer materials. A special place in the
hierarchy of engineering materials is occupied by multifunctional
polymer nanocomposite materials, which replace traditional
composites when creating damping couplings, friction units, sealing
elements, medical prostheses and devices [1, 2]. The necessary level
of tribotechnical organization, which determines the stability of
nanocomposites to the influence of operational factors, is achieved
by using modifiers of a certain molecular weight, composition,
external shape, geometric particle sizes, filler preparation methods,
nanocomposite materials processing modes, methods of activation
of rubbing surfaces that allow changing the topography of
contacting materials, the influence of external factors that make a
fundamental contribution to tribochemical processes of formation of
stable separation layers in the area of frictional contact.
The aim of this work is to develop nanocomposite
materials by using functionalized nanocarbon particles to increase
the physicomechanical characteristics of the formed systems.
2. Preconditions and means for resolving the problem.
As samples, composite materials based on a polyamide
polymer matrix PA 6 210/310 (manufactured by PTK Khimvolokno
OJSC Grodno Azot, Belarus), which was filled with nanodispersed
functionalized carbon particles (NFUCh), were obtained. An
ultrafine diamond with a single cluster size of 4–6 nm was used.
The percentage of nanomodifier in the polymer matrix ranged from
0.17 to 1 wt.%. The starting polyamide was processed at cryogenic
temperatures. Nanodispersed particles were preliminarily treated in
a solution of a fluorine-containing oligomer. Composite samples
were molded by injection molding on a vertical injection molding
machine manufactured by RUE SKTB Metallopolymer (Belarus).
The samples had standardized sizes: length - 10 cm, width ‒1 cm,
thickness - 0.5 cm. Tribological testing of the samples was carried
out on an FT-2 friction machine according to the sphere – plane
scheme. ShKh15 steel was used as a counterbody, the load was 30
N, and the sliding velocity v = 0.06 m / s.
Tests to determine the strength characteristics were
carried out on a tensile testing machine IR 5047-50 for universal
use with an electronic force meter for testing samples under tension,
compression and bending with a load limit of 50 kN. Samples of
materials are installed between the grips of the tensile testing
machine when fixing the ends of the sample. Before testing, the
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This effect of increasing the strength characteristics of
polyamide compositions is observed at "doping" values of the
concentration of nanomodifier in the polymer matrix. An increase in
the concentration (0.5-1 mass%) of nanosized particles in
polyamide leads to a decrease in the tensile strength of tensile
composites (Fig. 2).
Figure 3 shows the values of the dynamic modulus of
elasticity of the polyamide and its compositions. increases with
cryogenic treatment. The introduction of nanodispersed modifiers
leads to a decrease in the values of the dynamic elastic modulus.
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Figure 1. The strain versus strain for compositions
based on polyamide 6. a-concentration of the nanocarbon modifier
in the polymer matrix 0.17 wt.%, B-concentration of the
nanocarbon modifier in the polymer matrix 0.25 wt.%
45
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Figure 3. Values of the dynamic modulus of elasticity for
polyamide compositions: 1- polyamide 6 (initial), 2-polyamide 6
subjected to cryogenic treatment; 3- polyamide 6, modified with
nanodispersed carbon particles with a concentration of 0.17 mass.
%; 4-polyamide 6 modified with nanosized carbon particles with a
concentration of 0.25 wt.%; 5- polyamide 6 modified with
nanosized particles of carbon with a concentration of 0.5 wt.%; 6polyamide 6 modified with nanodispersed carbon particles with a
concentration of 1 wt.%.
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Studies on the hardness of the developed compositions based on
polyamides 6 showed good agreement with the results of tests to
determine the tensile strength values for polymer compositions. For
polyamide compositions modified with nanosized particles in the
region of low modifier concentrations, hardness values increase by
22-27%. A further increase in the content of modifier in the
composition leads to a decrease in strength values. Tribotechnical
tests of composite materials containing nanodispersed particles
showed a decrease in the coefficient of friction in the friction pair
with the steel counterbody at low concentrations of the modifier.
With an increase in the concentration of nanodispersed
functionalized carbon particles, the values of the friction coefficient
increase and the nanocomposite-steel pairs increase (Fig. 4-5).
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Figure 2. The dependence of stress on deformation for compositions
based on polyamide 6. a-concentration of the nanocarbon modifier
in the polymer matrix 0.5 wt.%, b-concentration of the nanocarbon
modifier in the polymer matrix 1 wt.%

Figure 4. The dependence of the coefficient of a friction
pair of nanocomposite material-steel on the number of cycles. The
modifier content in the composite is 0.17 mass%.

With the introduction of doping additives of lowdimensional particles having an uncompensated charge, a
synergistic effect of increasing the strength, tribotechnical and
adhesive characteristics is provided. The effect is due to the
formation of a quasicrystalline transition layer in the periphery of
the nanoparticle under the influence of an electric field. The charge
of a nanoparticle can be formed as a result of a special technological
impact (mechanical, tribochemical, temperature, etc.) or due to the
crystal chemical structure of the semi-finished product.
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concentration of functionalized nanodispersed particles in the
polymer matrix to 1 wt.% Leads to an increase in the coefficient of
friction to 0.14.
Conclusion. Thus, the introduction of nanodispersed
functionalized carbon particles leads to an increase in the
physicomechanical characteristics of polyamide compositions at
“doping” concentrations of the modifier. An increase in the
concentration (0.5-1 wt.%) Of nanosized particles in polyamide
leads to a decrease in the tensile strength of tensile composites.
4. Literature
1.Vityaz, P.A. Nanocrystalline diamonds and prospects
for their use. / P.A. Vityaz // Nanostructured materials: production
and properties. - Minsk: NASB, 2000 .-- S. 8-20.
2. Friction and wear of materials based on polymers. /
V.A. Bely [et al.] - Minsk: Science and Technology, 1976. - 250 p.
3. Metal-polymer nanocomposites: structural features,
technology, application / A.A. Ryskulov, S.V. Avdeychik, M.V.
Ischenko, E.V. Ovchinnikov. Under the scientific. ed. V.A. Struka,
V.A. Liopo. - Grodno: SSAU, 2010 .-- 335 s.

Figure 5. The dependence of the coefficient of a friction
pair of nanocomposite material-steel on the number of cycles. The
content of the modifier in the composite is 1 wt.%.
Studies on the tribotechnical characteristics of the
developed polymer compositions showed a decrease in the
coefficient of friction by 2 times with respect to the initial one with
a modifier content of up to 0.1 wt.%. An increase in the
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