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EVALUATION OF ENGINEERING SOLUTIONS IN WINE PRODUCTION

Prof. Dr Eng. Vukcevic M. 1, Ass. Prof. Dr Eng. Sibalic N. *, Dr Eng. Damjanovic M. %, Eng. Vaskovic N.2
Faculty of Mechanical Engineering — University of Montenegro, the Montenegro *
Faculty for Production and Menagment, University of East Sarajevo, the B&H ?

milanvu@ac.me

Abstract: Contemporary wine production, unlike traditional one, requires investments in certain technological equipment necessary for
the production process itself. In order to assess the justification of the production improvement in this area, the application of the
engineering economy methods is very suitable. Methods for evaluation of financial efficiency and improvement of alternatives have been
used in this paper. Specific solutions and recommendations have been obtained.

Keywords: TIME - MONEY, WINE PRODUCTION, ALTERNATIVES

1. Introduction

In the conditions of market economy, being competitive means
to achieve an optimal relation between the price of a product and its
quality. This, of course, applies to all branches of the economy, as
well as to the wine production. To have a recognizable, quality wine
with an enviable market share, inevitably implies constant
improvement of the production technology, which must not be at
the expense of the quality of future wine. In this paper, on the
example of the winemaker which until now mainly relied on the
traditional methods of wine production will be shown the
justification of investment in the purchase of a discontinuous
hydraulic press for pressing crushed grape (so called "kljuk™), in
order for significantly higher quantity of quality wine to be obtained
[1, 2].

2. Principles of Dependence Time — Money and
Concept of Equivalence

Creating a larger or new value requires the engagement of
capital in the form of money or assets. There is almost no
engineering project that does not require capital investment in
longer periods of time so that the time influence is an unavoidable
factor that must be taken into account. Therefore, special attention
should be given to the principles of time valuation of money that are
essential for the evaluation of alternatives, while in this paper are
used models given in Table 1.

Table 1: Models used to determine the time value of money.

Determination of F

— AN
when P is known F=P@+i)

F = P(FIP, i%, N)

Determination of P

— AN o -N
when F is known P=F/Q+)"=F1+D)

P = F(PIF, i%, N)

Determination of F

@+ -1
when A is known i

| F=A(F/A, i%, N)

e

inati [@+i)v -1
Determln_atlon of P p=A (_ )_ P = A(P/A, i%, N)
when A is known i@+i

inati [
Determlngtlon of A A=F : A= F(AJF, i%, N)
when F is known @+ -1

inati [ i@+
Determln_atlon of A A=P ( : ) A= P(AP, i% N)
when P is known @+ -1

The basic elements of complex interest in tabulated models are:

e i — the effective interest rate, the amount which is paid per
unit of money in units of time,

N — number of interest periods, i.e. units of time during
which interest is paid and which can be, day, week, month,
6 months or any agreed time interval,

e P —present value of money,
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F — future value of money,

A — a complex amount, a sum of principal and interest that
are paid in one uniform amount at the ends of the time
(investment) periods.

Alternatives should be compared as much as possible when they
give similar results, serve the same goal, or exercise the same
function. It is only possible to do so by reducing them to an
equivalent basis which depends on:

interest rate,
the amount of money involved,
timing of cash income and / or expenses and

the way in which the interest or profit for the capital
invested is paid and the initial capital is returned.

3. Methods for the Evaluation of the Financial
Efficiency of Investment Projects

One of the basic preconditions for applying the method for
evaluating the financial efficiency of investment projects is to
determine the Minimum Attractive Rate of Return (MARR) which
is defined in the strategic goals of the management of the
organization. In other words, this is the minimum acceptable rate of
earnings under which a company or investor does not want to invest
in a particular investment project, since it would be unprofitable.
Therefore, the evaluation of the investment project is an analysis of
the profitability, i.e. the applied inflow and outflow of cash, with a
constant tendency to maximize the positive differences between the
efficiency of the project and the investment.

There are a number of methods for evaluating investment
projects, so it is difficult to single out one as the main one, since
each one has its own advantages and disadvantages. However,
depending on whether they take into account the time value of
money, there can be distinguished:

dynamic methods and
static methods for evaluating the financial efficiency of
investment projects.

Dynamic methods (take into account the time value of money)
that are most frequently used in practice are:

The Present Worth Method (PW)

To find the PW as a function of i% (per interest period) of a
series of cash inflows and outflows, it ic necessary to discount
future amounts to the present by using the interest rate over the
appropriate study period (years, for example) in the following
manner [5]:

PW(i%) = iFk(u i) (1)



Where are:

i - effective interest rate, or MARR, per compounding period.
k - index for each compounding period (0 <k <N).

Fy - future cash flow at the end of period k.

N - number of compounding periods in the planning horizon
(i.e., study period).

The relationship given in Equation (1) is based on the
assumption of a constant interest rate throughout the life of a
particular project. If the interest rate is assumed to change, the PW
must be computed in two or more steps [5, 6].

The Future Worth Method (FW)

The future worth metod is based on the equivalent worth of all
cash inflows and outflows at the end of the planning horizon (study
period) at an interest rate that is generally the MARR. Also, the FW
of a project is equivalent to its PW; that is, FW = PW(F/P, i%, N).
If FW > 0 for project, it would be economically justified. Equation
(2) summarizes the general calculations necessary to determine a
project’s future worth [5, 6]:

FW(i%) = ZN:Fk (T (2

The Annual Worth Method (AW)

The Annual Worth (AW) of a project is an equal annual series
of money amounts, for a stated study period, that is equivalent to
the cash inflows and outflows at an interest rate that is generaly the
MARR. Hence, the AW of a project is annual egivalent revenues or
savings (R) minus annual equivalent expenses (E), less its annual
equivalent Capital Recovery (CR) amount. An annual equivalent
value of R, E, and CR is computed for the study period, N, which is
usually in years. In equation form the AW, which is a function of
i%, is [5, 6]:

AW(i%)=R-E-CR(i%) (3)

Also, we need to notice that the AW of a project is equivalent to
its PW and FW. That is: AW = PW(A/P, i%, N), and AW =
FW(A/F, i%, N). Hence, it can be easily computed for a project
from these equivalent values.

As long as the AW is greater than or equal to zero, the project is
economically attractive. An AW of zero means that an annual return
exactly equal to the MARR.

The Internal Rate of Return Method (IRR)

IRR method is the most widely used rate of return method for
performing engineering analyses. It sometimes calls by several
other names, such as investor’s method. Discounted cash flow
method, and profitability index.

By using a PW formulation, the IRR is the i’% at which:

N N
> R, (PIF,i'%k) =Y E, (PIF,i'%, k) 4)
k=0 k=0

Where are:
Ry - net revenues or savings for the kth year.

E, - net expenditures including any investment costs for the kth
year.

N - project life (or study period).

Once i’ has been calculated, it is compared with the MARR to
assess whether the alternative in question is acceptable. If i’ >
MARR, the alternative is acceptable; otherwise, it is not.

The External Rate of Return Method (ERR)
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This method directly takes into account the interest rate (g)
external to a project at which net cash flows generated (or required)
by the project over its life can be reinvested (or borrowed). If this
external reinvestment rate, which is usually the firm’s MARR,
happens to equal the project’s IRR, than the ERR method produces
results identical to those of the IRR method.

In general, three steps are used in the calculating procedure.
First, all net cash outflows are discounted to time O (the present) at
€% per compounding period. Second, all net cash inflows are
compounded to period N at £€%. Third, the external rate of return,
which is the interest rate that establishes equivalence between the
two quantities, is determined. The absolute value of the present
equivalent worth of the net cash outflows at €% (first step) is used
in this last step. In equation form, the ERR is the i’% at which

N N
D E,(PIF, £%,K)(F/P, 1%, N) = > "R, (FIP,£%, N-k) (5)

k=0 k=0

Where are:
Ry - excess of receipts over expenses in period k
E - excess of expenditures over receipts in period k
N - project life or number of periods for the study
¢ -external reinvestment rate per period

Static methods (do not take into account the time value of
money) are:

e method of the period of investment return,

e investment balance diagram.

4. Comparison Between Proposed Alternatives

Most of engineering problems usually have a limited number of
possible solutions. Certainly, any of the proposed alternatives, as an
input, implies different amounts of money for their realization,
which results in different annual revenues and expenditures.

The inevitability of the existence of different factors, which are
specific to each alternative, requires defining of a basis for
comparison based on which their economic and financial evaluation
will be done in the same time period.

When determining the observation period for the offered
alternatives in relation to their total lifetime, two cases are possible:

1. Case: The lifetime is the same for all alternatives and equal
to the observation period (Methods of equivalent value,
Return Rate Methods).
Case: The lifetime is different for all alternatives and there
are one or more alternatives whose lifetime is not equal to
the observation period.

For the considered research, the 1st case is of interest where the
justification of the investment will be tested on a concrete example
of a winery, by using the method of equivalent value.

5. Application of A Method for the Evaluation of
Alternatives in Wine Production

The analyzed winery has based its long-term business on the
traditional way of grape processing, so that at present, it produces
20 000 liters of wine annually. The backbone of the production
consists of “Zilavka” (white wine), “Vranac” (red wine) and
Chardonnay wines, as well as several other types of grapevine
varieties of the same name, such as Merlot, Cabernet Sauvignon,
Procurator and various blends of these wines. Constantly taking into
account the quality of the produced wine and in order to meet the
needs of permanent but also new customers with sufficient
quantities of wine, a need for production expansion occurred [3, 4,
7].



This, for sure, requires certain investments in terms of increasing
the capacity and improving the technological process itself with the
emphasis on keeping and possible increase of the achieved level of
wine quality. The set goals are expected to be achieved by
purchasing a discontinuous hydraulic press for pressing crushed
grape (so called “kljuk™). This is a very important stage in the
modern processing of red and especially white grapes. This, unlike
the current gravity method of wicking out of wine, is expected to
obtain a greater quantity of wine in a percentage of 10% compared
to the same amount of processed grapes. The justification of this
investment will be examined, firstly, through Research 1.

Research 1

The winery expects qualitative and quantitative business
improvement through the purchase of a discontinuous hydraulic
press which costs € 8000. Based on the experience gained in this
field, they calculated that their annual income, by gaining larger
amount of quality wines (2000 I), will be increased by 5000 €. Costs
that are included in annual expenditures are:

— amortization according to Uniform

(Straight — Line: SL) method 1000 €,
— costs of exploitation and labor force 200 €,
— loss of approximately 240 | of

"komovica" schnapps 1200 €.
Data:
— investment (cost) 8000 €,
— lifetime 7 years,
— market value at the end of the lifetime 1000 €,
— annual income 5000 €,
— annual expenditure 2400 €.

It is necessary to determine the following:

a) current, future and annual value when MARR = 12% for the
year,

b) internal rate of the project, whether it is acceptable?

c) external rate of the project if we assume that € = 12% for the
year,

d) simple and discounted return period.

Solution:
a) PW =-28000 € + 2600 € (P/A, 12%, N) +
+1000 € (P/F, 12%, N) = 4317, 48 €
FW = - 8000 € (F/P, 12%, 7) + 2600 € (F/A, 12%, 7) +
+ 1000 € = 8545, 97 €

AW = - 8000 € (A/P, 12%, 7) + 2600 € +
+1000 € (AF, 12%, 7) = 946, 17 €

Since the values obtained for PW, FW and AW are greater than
zero, the investment is justified.

b) to determine the internal rate of return (IRR) of the project, it
is necessary to equalize the present value of the cash flow with zero:

PW =0 = 8000 € + 2600 € (P/A, i'%, 7) + 1000 € (P/F, i'%, 7);
Linear interpolation results in i% (IRR) = 27.18%.

As shown internal rate of return (IRR) is 27,18% and it is more
than twice higher than minimum acceptable rate of return (MARR =
12%), so this project is quite safe from the perspective of risk.

¢) FW = - 8000 € (F/P, i'%, N) = 2600 € (F/A, 12%, 7)
+1000 €

i'% = 19,12%
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Calculation by this method shows that the external rate of return
is 19,12%, and since it is larger than the MARR of winery, the
project is acceptable

d)

Table 2: Calculation for simple and discounted return period, MARR = 12%
based on Research 1.

AcPchi/n;l;Ida::/e PW of cash Accumulative
End of Net cash flow by the PW under rate
year (k) flow . rate rate i=12%/year
i= 0%/year = 12%/year over k years
over k years
0 - 8000 - 8000 - 8000 - 8000
1 2600 -5400 2321 -5679
2 2600 -2800 2073 -3606
3 2600 -200 1851 -1755
4 2600 2400 1652 -103
5 2600 5000 1475 1372
6 2600 7600 1317 2689
7 3600 11200 1628 4317

So, the economic justification for the purchase of a
discontinuous hydraulic press is, from the standpoint of obtaining a
higher quantity of quality wine, undoubtedly correct. However, the
final decision on this investment should be made after analyzing all
the accompanying factors. Namely, by obtaining a higher quantity
of wine by pressing, a certain amount of “komovica” schnapps,
which significantly contributes to the successful business of the
winery, will be lost. Therefore, it is necessary from this aspect to
compare these two alternatives through Research 2.

Research 2

Out of two offered options, one of which is innovation of the
technological process of production (A), and the other for the
traditional wine-producing method (B), it is necessary to choose a
more acceptable solution. Between the offered solutions there is a
difference between the capital invested and the income. The
observation period is equal to the lifetime of the discontinuous
hydraulic press and it is 7 years for both alternatives. The minimum
acceptable wage rate is MARR = 12%.

Data:

Table 3: Comparations of Alternatives.

Alternatives
A B
Investment 8000 € 24000 €
Cost saving/year 2600 € 6000 €

Investment and cost savings are being approximated for
Alternative B by which a larger quantity of wine in a percentage of
10% for settling newly emerging market needs wants to be
received. Namely, by traditional production with the gravitational
method of wicking out the wine (without pressing “kljuk™), it is
possible to achieve, after the first streaming, wine yield up to 40%.
This means that for the production of 2000 liters of wine, annually,
quantity of 5000 kg of grapes is required. Taking into account the
observed lifetime of the investment, the total required amount of
grape is 35000 kg, which at current market prices is 22436 €.
Proportional to the growth of the quantity of grapes for processing,
needs for expansion of processing capacities grow, for which
purpose, with the engagement of the labor force, it is necessary to
invest 1564 €.

Cost savings of alternative B versus alternative A is higher on a
basis of:

— absence of amortization costs in the amount of 1000 €,
— there are no costs of exploitation

(electricity, maintenance ...) in the amount of 200 €,
— larger amount of “komovica” schnapps

(450 1) in the amount of 2200 €.



Out of 100 kg of not pressed grape pomace about 15 | of
“komovica” schnapps is obtained.

Solution:

Method of present value

PW (12%)4 = - 8000 € + 2600 € (P/A, 12%, 7) = 3865, 13 €
PW (12%)g = - 24000 € + 6000 € (P/A, 12%, 7) = 3381 €
Method of annual value

AW (12%)4 = - 8000 € (A/P, 12%, 7) + 2600 € = 847, 20 €
AW (12%)g = - 24000 € (A/P, 12%, 7) + 6000 € = 741, 60 €
Method of future value

FW (12%)a = - 8000 € (F/P, 12%, 7) + 2600 € (F/A, 12%, 7) =
= 8545, 80 €

FW (12%)g = - 24000 € (F/P, 12%, 7) + 6000 € (F/A, 12%, 7) =
=7477,20 €

Based on the results obtained from the calculation by all three
methods, investment priority is on the side of the alternative A. In
addition, the estimated market value of the discontinuous hydraulic
press is 1000 € at the end of the lifetime, which, also supports the
fact that innovation in the technological process is justified.

6. Conclusion

Parameters obtained by evaluating the offered alternatives in the
case of the analyzed winery undoubtedly favor the alternative that
includes innovation of the technological process. In Table 5. 1 it is
noticeable that on the basis of a simple return period, investment
costs are covered by revenues in the third year, and according to the
discounted return period in the fourth year. The discounted return
period shows a certain risk of investment, as the tendency is that in
developed economic activities the return period should be no longer
than 3 years. However, taking into account the seven-year lifetime
of the investment and the fact that internal rate of return (IRR = 27,
18%) and the external rate of return (e = 19, 12%) are significantly
higher than the minimum acceptable rate of return of winery
(MARR = 12%), with positive values of the method of equivalent

value, the innovation of the technological process has no
alternative.
Applying new or innovating existing technical and

technological processes is an imperative relevant for all industries.
However, improving productivity of production can be successful
only in the case of quantity being followed by quality. In the
conditions of market competition, only a quality product can
provide a stable market position. To survive in this position is
harder than to gain it, as it is often proved in practice. That's why
the analyzed winery searches for a way to make its wine a
combination of traditional and contemporary. The first step towards
this is the introduction of a discontinuous hydraulic press into the
technological process, by which can be determined the extent to
which the grape pomace needs to be pressed, without adversely
affecting the quality of the future wine. These presses, unlike the
continuous ones, do not damage the hard parts of the grapes, which
is also one of the prerequisites for quality wine. This will improve
their business without the risk of endangering their participation in
the sophisticated wine market.
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METHODS AND RESULTS OF EXPERIMENTAL RESEARCHES MACHINES FOR
AUTOMATIC SORTING EGGS ON THE BASIS OF THE TECHNICAL VISION
SYSTEM

METOAVKA U PE3YJIbTATBI SKCIIEPUMEHTAJIbHBIX UCCJIEJOBAHUI MAILIMHBI JIJIS
ABTOMATHUYECKOU COPTUPOBKHU AUIl HA BA3E CUCTEMbI TEXHUYECKOI'O 3PEHMA
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P. Daskalov®

Kazakh National Agrarian University, Department of Energy Saving and Automation, Almaty, Kazakhstan

12,34
)

Angel Kanchev" University of Ruse, Bulgaria®

Abstract. This article shows the method and results of experimental RESEARCHES of machines for egg sorting into categories based on
size and form using a vision system. The principal difference of the considered machine for automatic sorting of eggs into categories from
existing sorting machines is the division of eggs into categories by size and the separation of substandard eggs in the flow. Experimental
verification showed that the machine provides the division of eggs in size into four categories and the separation of eggs of irregular shapes
and sizes in the flow. The accuracy of separation of eggs into categories depending on the performance. With a productivity of up to two
eggs per second, the accuracy of egg separation averages 94.8%., With a productivity of three eggs per second was 87.4%.

KEYWORDS: SYSTEM, ALGORITHM, CONTROL, PROGRAM, MACHINE, CONTROLLER, CAMERA, EGG, SORT, CODESY

1. Beeoenue

Ilenmpro wmccnenoBaHWil SBISIETCS AKCHEPUMEHTANbHAs IIPOBEpKa
ITOPUTMA W TIPOTPaMMBI (PYHKIMOHHPOBAHMS MAIIUHBI, a TaKXe
TEXHOJIOTHYECKHE M TEXHHYECKHEe MapaMeTpbl MallMHBl JUIs
ABTOMAaTHYECKOH COPTHPOBKH SIHI[ Ha 0a3e CHCTEMBI TEXHHIECKOTO
3peHusL.

MaivHa 171 aBTOMaTH4ECKOH COPTUPOBKH SIMII C MCTIOIb30BaHHEM
CHCTEMBI TEXHHYECKOTO 3pEHHMs W3roTOBIeHAa Ha Oase sire
coptupoBoyHoii Mammebl «PUTM  8-3» wu  oOecneunBaeT
pasJenieHue Sl Ha YeThIpe KaTeropHH 10 pa3MepaM U OT/IeeHHe
HECTaHIapTHBIX o Qopme u pasmepam sun. [IpuHIUNUANEHEIM
OTJINYHEM HOBOW MalIMHBI JUII aBTOMAaTHYECKONH COPTHPOBKH SIHIY
OT CYIIECTBYIOIINX aHAJOTOB 3aKJIOYaeTCs B Pa3leNeHHH SUIl Ha
KaTEeropuy 10 pa3MepaM M OTHEJICHUS HEKOHJULIUOHHBIX SIHI[ B
HOTOKE. Bce TEXHOJOrMYeckHe OIepaldu: Hojada sSULl B 30HY
KOHTPOJIA, TIOJTy4eHUue 1 00paboTKa n300pakeHus, KilacCupuKanus,
pasfeneHus SULl Ha KaTerOpuH IMPOUCXOIAT B JAMHAMHYECKOM
pexuMe, KOTOpBbIH 0OecreyrBaeT BO3MOXKHOCTh —MOBBILICHUS
MPOU3BOJMTEIBHOCTH MpOIiecca COPTHPOBKH HE MEHee 4eM B JiBa
pa3a B CpaBHEHUH C CYIIECTBYIOIMM METOJIOM Pa3eeHHs S| Ha
KaTeropuu 1o wmacce. [lo 3HAa4YEeHHWIO IUIONIAJM IPOIOIBHOTO
CeyeHUs H300paKeHUs, sima pasfessIioTcss Ha KaTeropuu 1o
pasmepam (Macce), a TO 3HadeHHIO KoddduuueHta QGopMer,
KOTOpBIA OIpefensercs Kak OTHOIICHHE KBajpara HepuMerpa K
IUIOIIAM HPOAOJBHOTO CEHYCHUS HM300paKCHHUs SiLa, OTACISIIOT
giilla, UMEIONINe HecTaHmapTHylo ¢opMmy. B maketHOM oOpasie
MalIMHBI B KQUECTBE MEXaHU3Ma IePEMEIICHHUS SIMI| UCIIOIb3YeTCs
OECKOHEYHBI  TpPAHCIOPTEP C  HE3aBUCUMBIM  YacTOTHO-
PETYIUPYEMBIM 3JICKTPOTIPUBOIOM, C 00paTHOI cBsA3bi0. OOpaTHas
CBSI3b peajM30BaHa C IIOMOUIBIO JHKOJEpa, KOTOPBI uepe3
KOHTPOJUIEP JaeT BO3MOKHOCTD OIPEICNEHHS MECTOPACTIONOKEHHUS
KaXI0ro silla Ha TpaHCIOpTepe B JABIKCHHH. OJHKOIEp
YCTaHOBJICH Ha BaJl PEIYKTOPa HIEKTPONpPUBOIA. BMeECTO BECOBBIX
MEXaHH3MOB YCTAHOBICHBI CMapT Kamepa W ITHEBMAaTHYECKUE
UCIIOJTHUTEIIbHBIE KJIAMaHbl, KOTOPBIE MOKIIIOUYEHBI K KOMITPECCopy,
pHUCyHOK 1.

B3aHMOﬂeﬁCTBHe OTACJIBHBIX arp€ratoB MallWHbI OCYIICCTBIIACTCA
CICLMAIIBHO  Pa3pa0OTaHHOW, OPHMIMHAJIBHON MpOrpaMMoii, B
ABTOMATHYECKOM U HaJIaJ0YHOM pexumax [1].

3aMeHa BECOBBIX MEXaHM3MOB Ha CHCTEMY TEXHHYECKOTO 3pEHHS,
MOTEHIHAIBHO MOXKET obecreynTsb HOBBILICHUE
MPOU3BOJUTEILHOCTH B TPH pa3a MO CPaBHEHHIO C 0a30BBIM
BapuanToM. CHcTeMa TEXHHUECKOTO 3peHHs pa3paboTaHa Ha Oasze
cmapt kamepsl NI-1772-EF00303A, kotopas oOecrneunBaeT
OIIpe/IeNieHne TeOMETPUUESCKUX MapaMeTpoB sUIl (AJIMHA, [IUPUHA,
IJIOIAb, HepuMeTp U koddduieHt Gopmbr)
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1- PonMKOBO-OpHEHTUPYIOIINH TPAHCIIOPTED, 2 - MOHHUTOP C
n300pakeHNEeM aHaIM3UpyeMoro sitna, 3- CMapT kamepa ¢ KpacHOH
MIOJICBETKOM, 4- ICHTOYHBIH, OECKOHEUHBIH TPaHCIIOPTED,

5- CEKLIMOHHBIH CTOI, 6- HOYTOYK.

Pucynok 1 — O0uuii BUI MaIIMHBL 111 aBTOMAaTHYECKON
COPTHPOBKH SIUII C UCIIOIB30BaHUEM CHCTEMBI TEXHUYECKOTO
3peHus

[Mporpammel 11t 00pabOTKM BHIEOM300paKeHHST pa3paboOTaHBI B
cpene «LabViewy» u «NI Vision Builder». ®otorpaduposanue sui
[POUCXOJUT B IIOTOKE, IO KOMAaHIE ONTHYECKOro JaT4HKa
«Hanmu4Me sdna monx Kamepoit» [2]. 3axBar  M300pakeHHs
MPOU3BOJUTCA HPOTPAMMHBIMU  CPEICTBAMH IPEAOCTABISAIOLINEC
psi anropuTMoB. Mcrons3yercs ciaeayiolas NociIei0BaTeIbHOCTh
ICHCTBUI - MOHMCK 3aMKHYTOW (HUIyphl METOIOM IIPOBEACHUSI
KacaTeNbHBIX K TpaHWIlAM 3aMKHyTOH moBepxHocTh. J[lanee
MOJTy4eHHbIe (QUTypHl KIACCUPHUIUPYIOTCS MO pa3Mepy IUIOMIaan
n3o0pakeHust o0bekTa. Eciy 00beKT 3aHMMaeT rronans G0JIBIIYI0
3apaHee IMPENONPEEICHHOr0 3HAYEHUS CYUTACTCs, YTO OTOT
00BeKT siiro. s BeIAEIEHHOTO 00beKTa (M300paXKeHUsT IPOESKIUHI
Sia), MPOM3BOAMM  OOpaOOTKY H300paKeHWs, OmNpeaeIsieM
GONBLION M MaJblii AMAMETPBI, MIIOIIA/b, IEPUMETP B HMHUKCENIAX H
3HaueHue kodpduuuenta ¢opmbel. [lomydeHHBIE — JaHHBIE
nepenaotcs B KoHTpoiwiep. st o6pabGoTku uHpOpMamuu o
rapaMerpax SuL, OIpeJeJeHHEe MECTO PAaCIOJIONKEHHs KaKI0ro
sija Ha TpaHcropTepe U (GOpMUPOBaHMS KOMaHJ Ha pa3ieieHHs
SIMI] 1O KaTeropusiM C HOMOIIBIO HCIOJHHUTEIBHBIX MEXaHH3MOB
UCHOJIB3YETCS KOHTPOJUICP C OPUIMHAIBHBIM  IPOTPAMMHBIM
obecrieyeHreM. I'paHUYHbIC 3HAYCHUS NPH3HAKOB Pa3/IeICHUS SUIL
BBOJIMTCS C AHENH yIPABJICHHUS OllepaTopa.



2  Memooukxa nposedenus ucciedosanuil

ITyrem ompeneseHns] MacChl Ha 3JICKTPOHHBIX BECaX ¢ TOYHOCTHIO
0,1 Tp. maptus AL, B COOTBETCTBUU C EBpomeiickuM cTaHzapTomM
Obula paszereHa Ha YeThlpe KaTeropuu mo macce: XL- sifma c
Maccoi Bbire 73 rpammoB (73-80), L - siifia ¢ maccoit ot 63 g0 72
rpammoB, M - siiiia ¢ maccoit ot 53 mo 62 rpammos, S- sitna c

maccoi or 43 gmo 52 rpammoB. Ha  cranuonapHoi
AaBTOMATH3UPOBAHHON  YCTAaHOBKE  ONpeJeleHbl  3HAuUCHHE
kodddumuenta Gopmbl  Kaxkmoro sina. K kareropuu - sig

HECOOTBETCTBYIONIUX TPeOOBaHMSAM CTaHIApTa OBUIM OTHECEHBI
Aiilla ¢ HecTaHAapTHOH Qopmoil u siilfa ¢ Maccoil MeHblie 43
rpammoB u Gospire 80 rpammoB. K HecraHmapTHeiM 1o Qopme
ObUTH OTHECeHbI sitna ¢ koddduienrom dGopmsr menbire 13,0 u
6ompmie 15,0 B craruueckom pexume. s ompeneneHus
IPaHNYHBIX 3HAYEHHI IPU3HAKOB Pa3/IeIeHHs SIUI Ha KaTeTOPUH 10
pa3MepaM(macce) M OTHENEHHs SHI HECTAaHJApTHOH (GOpMBI B
JUHAMHUYECKOM pEXKHME Ha MAaKeTHOM o00paslle MamluHBl JUIs
ABTOMAaTHYECKOH COPTHPOBKH SIHI[ Ha 06a3e CHCTEMBI TEXHHYECKOTO
3pEHHSI DKCIIEPHUMEHTAIBHO OIPENEUINCh TPAHUYHbIC 3HAYCHUS
IUIOIIA M CEYEHHMS SIMI| KAKAOW KaTeropuy B MHUKCENAX U 3HAUYCHUS
koadduimenta Gopmel. ['paHndHbIC 3HAUCHHUS IJIS KATETOPUH UL
XL mo pa3mepam HaxoOaTcd B MpeAerax: MaKCHMaJbHOTO
3HAUEHUs,, COOTBeTCTByromero macce 80 TpaMMOB M COCTaBHT
73000 mnukcenel, MHHUMalIbHOE 3HAUYEHUE COOTBETCTBYIOILIUE
macce 73 rpammoB Oyzet 65000 mukceneit. Kareropun L ot 60000
10 65000 nukceneit, kareropuu M ot 52500 mo 60000 nukceneit u
kareropur S ot 45000 mo 52500 mukceneil. 3HaYCHUS
kodddumeHTa GopMBl HE 3aBHCUT OT PasMEPOB SHI, MOITOMY
TpaHUYHbBIC 3HAYCHUS KOd(pPHUuueHTa GOpMBI Ui BCEX KaTeropuit
YCTAaHOBJIEHO B Tpejeiax: MUHUMalbHOE 3HaueHue paBHoe 13,0, a
MakcuMmaibHoe 3HadeHue paBHoe 15,0 [3]. I'panudnble 3HAYEHHS
MPU3HAKOB pa3eNICHUs] ULl BBOAUTCS B IMPOrpaMMy C MaHENIH
yIpaBJIeHHs OIepaTopa.

DKCIepUMEHTaIbHbIE UCCIIEI0BaHHS MaKeTHOTo 00pa3iia MallnHbI
JUIL  aBTOMAaTHYECKOW COPTHPOBKM sWIl Ha 0a3e CHCTEMBI
TEXHHYECKOTO 3PEHHsI, POBOAMIKCH B JBa ITAlA.

Ha mepBoM drarie mpoBeeHa SKCIepPTHAs OLICHKA ITapaMeTPOB SHIL.
Jl1st 9TOrO siilia, ¢ HOMOLIBIO JIEKTPOHHBIX BECOB pa3[eiCHbl Ha
KaTeropuH 10 Macce COIVIACHO EBPOIEHCKOMY cTaHaapTy. Macca
Ailla W3MEpSUINCh Ha JJIEKTPOHHBIX Becax Mapku DX-1200 c
toynocthto 10 0,1 rpamma. Ha pucyHke 2 moka3aH MOMEHT
oIpeesICHUe Macchl siLa.

Pucynok 2 — OrmpezeneHne Macchl SHIl Ha JJIEKTPOHHBIX Becax
mapku DX-1200

ITocne  wero, IITAHTEHLUPKYJIEM  U3MEPEHBl  JHaMETPhI
KIacCHQUIMPOBAHHBIX [0 Macce SWI] M ompeneneHa (opma
Kaxaoro sima. Sidna B KaxAOHW KaTeropuM pas3/ieleHbl Ha
KaTeropuy, KOHIWIMOHHBIE © OpakoBaHHbIE 10  (opme.
CopTHpOBKa SHI IPOBOJMIACH B IBYX pexumax. [IepBbIid pexum
Ipu OPOU3BOAMTENBHOCTH JBa siima B cekyHOy. CkopocTh
MepeMelIeHue AUl YCTAHABIMBAJICA IyTEM pEryJUpOBAHUS
4acTOThl Ha BBIXOJE YaCTOTHOro mpeodOpaszosatens. s mepBoro
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peXMMa 4YacToTa Ha BBIXOJE IIpeoOpaszoBaTens YCTAaHABIUBAJCS
paBsbIM 20 repuam.

Bropoii pexxuMm Ipu NPOU3BOAUTEIBHOCTU TPH Silla B CEKyHIY.
YacroTra Ha BBIXOJIe IIpeoOpa3oBaTelisi yCTaHABIMBAICS PaBHBIM 30
repuam.

B kaxaom pexnme Ans ONpenereHHs TOUHOCTH COPTHPOBKH SIHI
MAaIIMHOM ONBIT NPOBOJWICS B TPEXKPATHON IOBTOPHOCTH.

B kaxxnom skcriepuMenTe, IS KaykA0H KaTeropHH SUIl ONpesieNieHa
JIOJIST TIPAaBMJIBHO OTCOPTHPOBAHHBIX SIUI] U3 OOIIET0 KOJIMYECTBA
SIUIL TaHHOM KaTteropu ( knacca) [4,5].

N

np.knacca

+N

np.6pax

@)

knacca

s.Kaacca

Tne:

Tkitacca— TOYHOCTB Kj1acca

Nrmp.kmacca— KOIMYeCTBO MPAaBUIIBHO OIIPEAETICHHBIX SIHII B KJ1acce
Nrip.Opak — KOIHYECTBO MPABUIIBLHO OIPEICIICHHBIX UL B Opake
Nsi.xmacca — 00111ee KOJIMYECTBO SHII B KJTacce

[Mocre yero, HaiineHa cpeqHSS TOYHOCTH JIUIS BCEX KAaTEropwil, 1mo
KaXJIOMY SKCIICPHMEHTY

— Knacca

Cp 'Tmacca - (2
K1accos
Ine:
Cp.Txuacca — cpeaHee 3HaYEHHE TOYHOCTH KiIacca
Txnacca— To4HOCTH KJ1acca
NK/1accoB — KOIHYECTBO KJIACCOB, 5 KIAaCCOB
Hepeﬂ Ha4vaJioOM DOJKCIOEpUMEHTa IporpaMma YyHnpaBJIC€HUA U
HUCIIOJTHUTCJIbHBIC MCXaHU3MbI MaKCTHOI'O 06pa33. MalIrHbI
HacTpauBajav, MNOYTEM KOPPEKTHPOBKU TI'PAHUYHBIX 3HAYCHHH

paslefieHHe AWl Ha KaTeropuM 10 IUIOM[AAM U MOMEHTa
cpabaTbIBaHUs 3JEKTPOIIHEBMAaTHYECKUX KiamaHoB. Ha pucyHke 3
MOKa3aH (parMeHT MpoIecca HaIaAKH MaIIHHBI.

Pucynok 3 — @parmeHT nporiecca HajlaKH MalIdHbI.

9KCHepI/IMeHTaHbHHe HUCCICO0BAHUA TMIPOBOAUIIUCH B

JBYX
peXMMax TOJAauH SIMI] Ha COPTUPOBKY, B PEXKUME PyUHOH mojgaun
SMIl Ha TPOCOBBIM TPAaHCHOPTEp U B peanbHOM pexume. Jlns

KOKIOTO peXnMa pabOThl YCTAHABIMBAIOCH JBA 3HAYECHHS
MPOU3BOTUTENBHOCTH MAIINHBI JUISI aBTOMATHIECKON COPTUPOBKH,
IBa sAHIa B CEKYHAy W TPH silla B CeKyHIy. MakcuMaibHas
[POU3BOAUTENLHOCTh B pEalbHOM  peKHME  paboThl
OrpaHUYMBACTCS TEXHOJIOTHYCCKUMH TTapaMETPaMK arperaTos siiile
copTupoBO4HON MatuHbl «PUTM 8-3» [6].

3 Pe3ynomamul 3KcnepumMeHmanbHbIX UCCAE008AHUT
Ilo pe3ynabTataM OSKCIEPUMEHTAJIbHBIX HCCICIOBAaHUNA Ha
MIEPBOM 3Tarle YCTAaHOBJIEHO, YTO KOJIWYECTBO ULl KATETOPUU



XL oxkazanace 8 mryk; kareropuu L — 31 mTyk; kareropun
M - 31 mryk; kateropum S — 26 mTyk. Sifma maccoi
MeHbie 43 rpammoB — 12 mTyk, a Maccoi Oompme 80
rpamMoB — 12 mryk. KommdectBo sAnIl HecTaHTapTHOW
(hopMBI U3 00IIIETO YKCIIa COCTaBUIO 16 MTYK.

[Ipomecc COpTHPOBKM SAWI] B aBTOMAaTHYECKOM DPEXHME Ha
MaKeTHOM 00pasIie MaIIiHEI IPUBECH HA pUCYHKE 4.

Pucynox 4 — Ilporecc COpTUPOBKH SUI B aBTOMAaTHYECKOM
pexume

B Tabnune 1 nmpencTaBiaeHs! pe3yabTaThl COPTHPOBKH SHUI] B
peXuMe J1Ba siiila B CEKYHIy.

Pe3ynbTaThl COPTHPOBKH SIMI| B PEXUME JBa Sila B CCKYHIY TPETHH

OITBIT

X
7 1 |8 [7]0 |o 0 0 1 0 100
L
90,
L 27 4 [ 31 |12 |2 0 0 4 0 .
94,
M | 26 5 [3]0]o0 27 |1 0 3 0 ;
96,
S 20 6 |26 0|0 |oO 19 |0 7 0 )
Bbp 95,
24 0 |24 ]|0]0 |oO 1 23 |0 0
K 8
Ur 95,
12 23 |15 |0
or | 104 16 | o 8|24 | 29 21 4

B urore TOYHOCTH COPTHPOBKH IO BCEM KIJIACCAM B IEPBOM
JKcrepuMenTe coctaBmia 94,26%, Bo Bropom 94,96% u B
TpetbeM 95,4%. Torma cpenHee 3HauY€HUE TOYHOCTD
COPTHPOBKH B TPEXKPAaTHOM MOBTOPHOCTH cocTaBnsaeT 94,8%
AHaNOTWYHBIC WCHBITAHWSA NPOBENEHHI HAa pPEXUME C
TIPOU3BOIUTEIHLHOCTHIO TPH SIHIA B CEKYHIY.

B Tabnmme 2 mpencTaBiIeHbl pe3ylbTaThl COPTHPOBKH SHIL B
peXHUMe TpH SHIa B CEKYHITY.

Tabmuma 2 — Pe3ynpTaTsl COPTHPOBKH SIUI] B pEXXHME TPH
SILIA B CEKYHY IIEPBbII OIBIT

Tfl6JII/I[Ia 1 — Pe3ynbTaThl COPTUPOBKM SHI[ B PEXHME JBa Sxcreptan
sMIA B CCKYHIY MaruHHasi COpTHpPOBKa
DkcnepTHas M OIICHKA . Tou
alruHHas COPTUPOBKa Kn Bp Bp H.
K onetika Tou K b Ur ThI cop
JI acc (0] K K T
Bp | Bp | B H. pa | or L|M S e
acc | Kou | Bp | Ut K K Mel HA. L pa | do . %
L | M S % kK | o
. aK or L pa3 ¢do 3. pM
pM XL 7 1 8 6 |0 0 0 0 0 2 75
XL | 7 1 |8 710 | o 0 0 1 0 100 5
L 27 4 [31 [of24 |3 0 0 4 0 |90 L 27| 480 4 2 0 0 5 0 | 903
M | 26 5 |31 [o|l1 |25 |1 0 4 0 | 935 M % 5 13 lolol 251 2 0 2 0 9
S |20 |6 |26 ]0]0 |1 1910 |6 |0 |62 S [0 626|001 [18|0 6 |1]93
K 91,
24 0 o |10 0 1 22 0 0 K 24 0[24|1]0 0 2 21 0 0 87,5
pa3 6 pa3
Ur 12 2
it 104 | 16 7 28 | 22 | 21 | 15 3 87,8
0 042 or 0 4
0ro | 104 | 16 | 120 | 8|25 | 29 21 22 15 Pe3ynbraThl COPTUPOBKY M1 B PEKUME TPH Siiilla B CEKYHIY BTOPOM OIBIT
Pe3ynbraThl COPTHPOBKH SMI| B PEXUME JBa silla B CEKyHIy BTOpOM XL 5 0 6 5 1o 0 0 0 0 0 100
OIIBIT 2
RE; T T8 To To 5 o n o 00 L 27 4 |30 ) 3 0 0 5 1 | 836
93, M 26 5 31| 0| 1| 22 3 0 5 0 87,1
L |27 4 |31 |o|l2s |2 0 0 4 0
5 S 19 6 |25 (0|0 3 16 0 5 0 84
93,
M | 26 5 |31 |o|1 |26 |1 0 3 0 Bp
5 24 0 24 1 2|0 0 2 20 0 0 83,3
K
96,
S |20 6 |26 |0|0 |0 19 |0 7 0 Ir 2
2 102 | 15 | 127 | 8 29 21 | 20 | 15 1 87,6
Bp oL, oro 3
24 0 |24 |10 |oO 1 2 |0 0 = =
K 6 Pe3ynbTaThl COPTUPOBKH ML B PEKUME TPHU SIHlla B CEKYHIY TPETHUH OIBIT
Ur 94, X
0
or | 104 |16 | 120 | 8|26 |28 |21 |22 | 15 96 L 6 0]6]610)0 0 0 0| 0| 100
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2
- 26 | 4|3 |0|0| 3| 0] 0|5 ]|2] 8
M| 26 [5[31]0|1]23] 3]0 4] 0]871
S 19 [ 6 |25|0]0] 3|16 05 0] 84
Bp

K 24 | 0|24 2]0| 0| 2 ]20]| 0101|833
Ut 1 2

or | 101 |15 | 6 | 8 | 1| 29 | 21 |20 | 14 | 2 | 868

Ha BBICOKHX CKOpPOCTSX S0 HEYCTOHYMBO JIOKHTCS Ha
OCCKOHCUHBI TPAHCIOPTEP U3-32 YEro YBEIMYUBACTCS
KOJIMYECTBO HEIMPABUJIBHO OTCOPTHPOBAHHBIX SIMII W Sl
MOJYYar0T JOTOJTHHUTEIFHBIC MEXaHIMYECKUE TTOBPEXKICHHE.
TOYHOCTP COPTHUPOBAHHS IIPH TIPOW3BOAUTEIHFHOCTH TPH
aia B cekyHay cocraBwia 87,4 %, HONOIHHUTEIBHBIC
MEXaHWYeCKHe TIOBPEXACHUS COCTaBIIH 5,2%.

4 3axnrouenue

1. O0a  DNEKTPONPUBOAA  MAaIIWHBI  YCTOHYUBO
paboTaloT NpU  pPEeryJaMpOBAaHMU YacCTOThl  HAIPSDKEHUS
nojaromeit Ha 3JIEKTPOBUTaTENN c BBIXOJIa

npeobpasoBateneii B mpexenax ot 20 go 50 repi.
PerynupoBaHue CKOpPOCTH IiepeMelleHHss OeCKOHEYHOTro
TpaHcropTepa 00ecreYrBacT BO3MOXKHOCTh HCCIICAOBAaHUS,
PSKUMOB  pabOTHIl CHCTEMBI TEXHHYECKOTO 3pEHHS U
CHUCTEMBI pA3ICNCHHUS SHUI Ha KATETOPUH B IIMPOKOM
mramazoHe ckopoctu ot 0,065 mM/c mo 0,33 wm/c, dro
o0ecrieunBaeT peryJupoBaHHE MPOU3BOAUTEIHHOCTH OT
OJTHOTO JIO TIATH SIWII B CEKYHY.

2. [IpoBeneHHBIE IKCIIEPUMEHTAIBHBIC MCCICIOBAHUS
MOATBEPIUIIH PabOTOCIIOCOOHOCT aNTOPUTMA U MPOTPaMMBI
00paboTku uWHGpOpPMAIMKA O IMOKA3aTeIsIX KadyecTBa SHUI[ B
noTtoke. Bce arperatsl MaliMHbl paboTaOT B COOTBETCTBUH C
AITOpPUTMOM  (YHKI[MOHUPOBAHUSI B DPEXKHME peajbHOIO
BpPEMEHHU.

3. MammHa Ui aBTOMAaTHYECKOW COPTHPOBKH SUI] Ha
0aze cHCTEMbl TEXHHYECKOTO 3peHHs oOecrednBacT
paszjeneHue SUIl MO pa3MepaM Ha YeThIpe KaTerOpuH |
OTAEJNEHHE SWI] HECTaHAApTHOH (GOpPMBI M pa3MepoB B
noroke. TOYHOCTh pa3feneHus SUIl Ha KaTerOPHU 3aBHCUT
OT TPOM3BOAUTEIBHOCTH. I[IpM NPOM3BOAMTENBHOCTH O
IBYX SHIl B CEKYHIY, TOYHOCTD Pa3[eNICHUs SUI] COCTABISCT
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B cpemHeM 94,8%. JlomonHHATENbHBIE MEXaHUYIECKHE
MOBPEKJCHUS SUI] B TPOIECCE COPTUPOBKU HE INPEBBIIIACT
OJIHOTO TPOLEHTA. [Ipy MOBBINICHHH MPOU3BOJAUTEIBHOCTU
0 TpeX SUIl B CEKyHAy HaOmomaercs cboum B paboTe
MEXaHu3Ma MEpeKIaJbIBaHHUS SUI[ C  TpaHCIOpTEpa
OpHUEHTAINH Ha OECKOHCUHBIN TPAHCIIOPTEP M HEYCTOWYHBOC
MOJIOXKCHHUE SIMI[ HA HEM, 4YTO NPUBOJIUTH K CHUKCHHUIO
TOYHOCTH COPTHPOBKHA W YBEIHMUEHHUIO KOIUYECTBA SIHI[ C
JOTIONTHUTENHHBIME ~ MEXaHWYECKHMMH  TOBPEKICHUSIMHU.
TOYHOCTh COPTHUPOBAHHSA TIPH TIPOUZBOAUTEIHHOCTH TPHU
siila B CeKyHAy coctaBuna 87,4 %, IONOTHHUTENbHBIC
MeXaHUYECKUe TMTOBPEXKICHHUS cOCTaBIIIHA 5,2%.

4. Jlns peanu3aluu  TOTEHIUMAIBHBIX  BO3MOXHOCTEH
MPUHIUIIA PA3/ICIICHUS SIMIl HAa KATErOPHUU B MOTOKE Ha Oa3se
CHUCTEMBI TEXHUYECKOTO 3peHHe TpeOyeTcss MOAEepHHU3aIs
MCXaHHu3Ma nmogayu ANIL B 30Hy KOHTpOHH u
YCOBEPIIIEHCTBOBAHWE  TpaHCIOpTEepa MEpeMElleHus U
pasleneHus Uil Ha KaTeTOpUH B TIOTOKE.
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Abstract: A friction clutch is mechanical assemblies built between the engine and transmission, that with friction transfers torque from
the driving part to the driven (working) part (engine gearbox and other transmission). A diaphragm spring is one of the key component of a
clutch assembly. A diaphragm spring is piece to high stress concentration in driving condition, this is often the cause of cracks and crashes
spring. The stress of a diaphragm spring is analyzed by finite element method, measurement of stress and performed compare to stress

obtained by expressions on Almen-Laszlo.

Keywords: CLUTCH FORCE, DIAPHRAGM SPRING, EXPRESSIONS OF ALMEN AND LASZLO, FRICTION CLUTCH

1. Introduction

By pressing on diaphragm spring, it creates the pressing force
between driving disc, flywheel and pressure plate. With sufficient
pressing force, a torque is transmitted from the flywheel to the
transmission through the clutch. The centre portion of the
diaphragm spring is slit into numerous fingers that act as release
levers (unblock). When the clutch is disengagement the fingers are
moved forward by the release bearing, it is occurs separation of the
driving disc and pressure plate from flywheel and thus prevents
rotation of the driving disc.(Fig.1)

Diaphragm spring has not-linear characteristics between load
(force) and deflection, compared to the helical compressed springs
(hat a straight-line characteristic), this allows one compact
assembly. The change to pressing force is in certain limits by
wearing of the friction linings, at helical compressed springs force
declines. Excluded force is smaller in comparison with helical
compressed springs (Fig 2), [2], [5], [4]

Fig.1. Clutch components :1.Flywheel 2.Clutch cover 3.Driving disc 4,
Pressure plate 5. Diaphragm spring 6. Release bearing
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Fig.2. Pressing force and excluded force
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Diaphragm spring is exposed to dynamic loads, increasing the
number of changes the dynamic strength of the spring decreases.
Dynamic strength of the spring is determined by Weller. Specimens
are examined of the exactly same shape, size and quality. They
undergo different variables loadings at break of the material. Thus
obtained Weller curve from which can be determined dynamic
strength.

The stress distribution across the radial width (tangential
stresses) of the diaphragm spring is shown in Fig.3, [3].

stress in upper
surface

COMPression =———p

4
K /. |l A
A= 7 |
3 2
3 . c
stress in o
centrl cone 2
2
N l
stress in lower
surface
Fig.3. Stress-deflection
A
s 4
g 0—
3
-900 —
1
-1800 [ >
0 1 fh

Fig. 3a. Stress-deflection/height of diaphragm spring. Curve 1 for the
upper edge of the inner circumference. Curve 4 for the upper edge of
the outer circumference.
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Fig. 3b. Stress-deflection/height of diaphragm spring. Curve 2 for the
lower edge of the inner circumference. Curve 3 for the lower edge of
the outer circumference.
2. Research
The purpose of this research is to calculate the stresses at static
and dynamic loads on diaphragm spring. This calculation would
have performed by expressions on ALMEN-LASZLO, calculation
by finite element method and measurement of force and stress with
suitable measuring equipment.

2.1 Calculation of force and stress with expressions
of Almen and Laszlo’s theory

Calculation of the stresses of the diaphragm spring were
conducted with expressions of Almen and Laszlo's theory for
calculation of diaphragm springs (Fig.4) [7], [6], [1]:

3 Da
Di'
Fo L]F -7 - j__,._,
3 _._l—‘f'_'r ”,i"—
v NRR - i
= X Q = y : -
€ ___|-= __€______5:‘~;§;
ki b e —— i P
TN R Di il
Fo ‘]55, __________________ _
¢
Fig.4. Forces of the spring
-Angle bending:
f=E——  (ad) ®
=&—— ra
' 7180
where : & - angle bending, degree, & 1-angle bending, radian
- Height of diaphragm spring:
D, - D,
h= %tan & (mm) 2)
where : D,- outside diameter, D;-inner diameter
-Relationship of diameters diaphragm spring:
6=D,/D; (3)
- Coefficients a, kiks, k3 are defined as follows :
E
a=4 5
1-u (ta)
o-1
5
1=
(5 + 1}
(4b)
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1 6 0o-1
k== —— ———
7 In(6) In(s) @)
1 6 o-1
Ky == —r— - ——
z In(6) 2 )
D, - D
k,=——"" (4e)
Dal - Dil
=3/9-h* -6(h* +5°
p=% (0 +5?) a
fnax=(30+p)/3 (mm) (49)
fmin=(30-p)/3  (mm) ()
The variable in equation (4) are as follows:
a - Coefficient of elasticity of the spring material, N/mmz

E-Module of elasticity, N/mmz p- Poison number of spring steel,
Di-internal diameter of the diaphragm spring with supporting
points, Dai-outside diameter of the diaphragm spring with
supporting points, f-deflection, f,,and f.;, - deflection for extreme
values of F);

- Calculation of stress for the corresponding positions (N/mm?):

2
S S R L.
’ k,D,” s s 2-s
2
aZizas—zi;{—kz(E—lj-i-kJ
' k,-D,” s s 2-s
s? ff, 1 h ff
= —L =2k, =k, ) ————[+k
O3, ak1‘Da2 35{( 3 Z{S 2-Sj 3}

i a 2

(5.1)

(5.4)

where s - spring thickness.

-Pressure force on the diaphragm spring with supporting points is :

4
Ft(f):a.k4.sz_.i (ﬂ_i)(ﬂ_Ljﬂ
D,k s{\s s/As 2-s ©)

The diagram of change on pressing force of spring and spring with
supporting points depending of deflection has been shown in Fig.5.

s’

RiCH
)




Fig.5. Diagram of the spring force (- - - -) and the clutch force ( )

- Calculation of dynamic spring stress

Deflection at disengagement of clutch-control point f,;s is a sum
of the height of diaphragm spring-h and the deflection from flat
position on the spring to position disengagement of the clutch - d;
f,=h+d; (mm) (7)

-1 and I is path of clutch disengaging

- stress in point 3
-upper stress (OFF-deflection fp) is :

s fo1 h f
=g — P22k, =k, )| ——— |+ k
0s=a kl-Daz S 5{( 3 2) [S 2‘5j+ 3} ©

Lower stress (stress in point 3 at deflection f =h)

- 04=03,2 (C)]

-Dynamic stress is :
4
Ogp =05 — - 0y

7 (10)

The calculation is performed on diaphragm spring for vehicles,

from material (50CrV4-1.8159) and with next parameters:

D; = 313[mml]-internal diameter of diaphragm spring,

D.= 395[mm]-outer diameter of diaphragm spring,

s = 5.21[mm]-spring thickness,

E = 206000[N/mm?]-Module of elasticity of the steel

p = 0,3-Poison number of spring steel,

Di; =336[mm]-internal diameter of the diaphragm spring with
supporting points

Da = 392[mm]-outer
supporting points,
£=12[mm]-path of clutch disenganging,

d=120 [mm] released bearing diameter,

k,=0,95- efficiency coefficient.

The static stress is largest in point 1 and dynamic stress is
largest in point 2 or 3, where plastic deformations of material
occurs. In which point will has greater stress, it will depend on the
ratio D,/D; and hy/s>1.4.

The results are given in the Table 1, 2 and 3.

diameter of the diaphragm spring with

Table 1: Pressing force and stress on the spring

Ffi FFi G G2,i O3 Gy

(mm) | (N) [(N/mm?)|(N/mm?)| (N/mm?)|(N/mm?)
f=foa | 12,16 18590 | -1736 497 | 1415 | -354
f=h 9,01 21070 | -1534 135 | 1260 |- 62
f=fo, | -6,02 | 23550 | -1172 | 67,4 | 968 93

Table 2 : Pressure force on spring support

fi min= frminyKa | 4.109 Fomnax=Ft minKa 34477

ﬁh:h/k4 6.207 Fth = F(h)k4 30846

Fimax=TmaxirKa 8.306 Ftimin =F (fmax)Ka 27215
mm N

Table 3: Dynamic stress

point 2 3
Upper stress 571,8 1428
Lower stress 137,8 1260,6
Dynamic stress 449,8 707,7
Durability

dynamic strength 770 N/mm?
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2.2 Estimate on stresses of the diaphragm spring
with Finite Element Method (FEM)

In the used software package are included: drawing from the
spring, dimensions, material, heat treatment (hardness) in the past
two days of work the software package. A calculation is made with
FEM, with 123845 nodes, the system gives the results of the change
in stress from deflection[5].

Table 4 gives the results on the change on the stress dependence
from deflection with finite elements.

Table 4: Results from calculated stress with FEM

f (mm) 2,72 | 544 | 8,16 9,1 109 | 126 | 136

o(N/mm? | 375 | 740 | 1020 | 1055 | 1140 | 1140 | 850

292018 231 I291REIT

,_J_—— ] Fig.

6. Network of spring calculation. The network of the spring is divided into
21 parts and for each part is measured the stress on the underside of the
spring.
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2.3 Estimate on stresses of the diaphragm spring
with experimental measurement

Measurement of the force is made on the exam table (Fig.9) and
with adding to the measured system is measured stress on the
diaphragm spring (Fig.10a and 10b)

Fig.9. Diaphragm spring in disengagement position of the spring

Measuring tapes are mounted on spring 6mm of outer and inner
diameter, ie &383mm (measured tangential stress) and &325mm.

Fig.10a. Diaphragm spring with measuring tapes

Fig.10b. Diaphragm spring with measuring tapes and test table

STRESS.DEFLECTION-
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Fig.11. Diagram stress - time
Changing on measurement stress in a period of time is the
ordinate and the time is the abscissa of the diagram.

Table 5: Value of stress. o3 37sAL-Stress calculated using
expressions of Almen Laszlo’ theory, o3 37sFEM-stress estimated
with Finite Element Method, o3mess37sEXP-stress estimated with
experimental measurement. All tree values for the stress are
expressed in N/mm?

t(s) 4,17 4,27 437 | 447 | 452 | 457
f(395y MM 2,72 5,44 8,16 | 109 | 12,6 | 136
f(a75y MM 2,06 4,12 6,16 | 8,23 | 9,53 | 10,3

Oi3cal, 375 AL 319 719 984 | 1191 | 1290 | 1336
Giest., 375 FEM 375 740 1020 | 1140 | 1140 | 850
G3meas, 375EXP 356 903 1231 | 1252 | 1253 | 1211

Table 6 deflection the calculated in relative to the measured stresses

Fi(mm)| 2,72 | 544 | 8,16 9,1 10,9 12,6 13,6
Ri 109 | 0,79 | 080 | 085 | 0,95 1,03 11
Rk 104 | 082 | 083 | 088 | 0091 091 | 0,70

From the results shown in the table can be determined
deviations from the calculated stresses in relation to the measured
stresses:

R = O3cal 375 AL _ 1065 — 085
I O 3meas, 375EXP 1243
O- es
R - 3est,375 FEM 1085 0.8

O 3meas,375,EXP - 12435

3. Analysis of resultants and conclusions

From the deviations shown in the table can be concluded: there
is deflection. Important is at higher loadings, and that's when the
clutch is mounted in the vehicle (the spring is in a flat position -
deflection 9,1mm) and when the clutch is disengaged, (spring has a
maximum “deflection 12,6mm), the deviations on the stress that is
measured there is deviations 0,8%. Deviations of the calculated
values in the expressions Almen-Laszlo in relation to the measured
value of stress is (- 15 + +3)%, it is considered to be relatively good.
Deviations of the calculated stresses by the method of finite element
in relation to the measured value of stresses are (-12 + -9) %, these
results are quite satisfying.

Figure 12 shows a diagram of the change of the stress
depending on the deflection of measured, calculated stresses after
the expression ALMEN-LASZLO and calculated stresses method
finite element.

The curve obtained by Almen-Laszlo equation deviates from
the curve obtained by measuring. There is no similarity between
these two curves because the stress increases gradually, according
to the Almen-Laszlo equation, depending from the deflection.
Deflection in a flat position is -15%, and when the deflection is
maximum deviation is + 3%.

There is similarity between the curve obtained by FEM and the
measurement curve, and it is good, but there are certain derogations.
Deviation in flat position is -12% and in position at maximum
deflection deviation is +9%. Reason for this derogation can be: the
number of finite elements used in FEM, the quality of the spring
(the material, its strength, hardness, quality workmanship, shot
penning on the surface of the upper and /or lower side, dimensional
derogation etc.). More of these parameters on the quality of the
spring can not be taken in consideration when the calculation is
performed by FEM.
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Abstract: This paper deals with dynamic analysis of bridge crane with single girder in order to determine material deformations in their
main parts — cables and girder’s, while moving and carrying load. It is known that these are mostly loaded parts in crane, while they accept
forces, moments and oscillations from lifting mechanism and load. Analysis will be accomplished using computer modeling and simulations.
Work process of crane in the study is forward travel motion. It is assumed that this motion process makes major impact in the deformations
of lifting cables and girders due to stress, oscillations, and negative effect of load swinging. The analysis will be concentrated in finding the
nature of oscillations that acts on crane and finding the extent and form of materials stress and deformations that can cause fatigue, failures
and accidents. Question is whether acting loads exceed elasticity limits, or there are plasticity deformations which lead to permanent
damages. Results will be shown in the form of diagrams, contour stress and strain in cables and girders. They will be compared with
experimental measurements. Conclusions of these analyses can be useful for design considerations and safety.

Keywords: BRIDGE CRANE, SINGLE GIRDER, MATERIALS, DEFORMATIONS, TRAVEL MOTION, OSCILLATIONS,
MODELING, SIMULATIONS

elongation and in some specifications also the Charpy V values are
specified [10]. Mass of main girder is 2000 kg.

1. Introduction

Bridge crane is modeled based on manufacturer Prim Co

Company, Type JP100 (Fig.1) [1]. Crane is mounted in rails in the
walls of one factory. Max carrying load & Pulley system is G =
5100 kg = 50 kN. It has one main girder, and two side girders (left
& right). Height position of girders is H = 6.5 m. Length of main
girder is L, = 12.2 m (Fig.2). Length of side girders is Ly = 2 m.
(Fig.2). Velocity of crane v, = 0.5 m/s. Velocity of telpher v, =
0.33 m/s. Diameter of crane wheels D, = 200 mm. Crane is moving
on 4 wheels, 2 per each side, mounted on side girders (Fig.1, 3).
Before simulations, weight Q (workload) is in the position of
relative rest at the height H = 1.5 m from basement.

Main
Girder
V'l

e A

¥ Left side
— girder

f - TR b3
Fig.1. Bridge crane with parts in the work environment [1]

min 20 1000 min 200

Fig.2. Bridge crane main dimensions [1]

2. Properties of Girders

- Main girder has profile (Cross section) of Hollow Box Beam,
with thin wall section, with dimensions shown in Fig. 3. Material of
Main girder is made of Steel S355 [11]. In most structural steel
specifications the vyield strength, ultimate tensile strength,
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- Side girders have profile of partially Hollow Box, shown in
Fig.3. Its bottom is open to mount wheels of crane. Material is also
Steel S355 [11]. Mass of each side girder is 300 kg.

When load acts in girders, it will deflect and deform them. Main
type of strain and deflection that acts on girders is bending towards
vertical axes and shear. It is suggested that also torsion appears
during forward traveling of crane, which we will search in this
work.

b=0.5m

Cross section
of main
girder

b=0.22 m

Cross section
of side
girder

0.7m

Fig.3. Cross sections of main girder and side girders

3. Modelling of Bridge crane

In Fig.4 is presented model of bridge crane done in software [4]
including working environment, which is also modeled. Working
environment includes metal frames, bars, rails and basement.

E]E (9 o poet Wol Dt ok ik

- b
T T ICEE R TR LY L LT 1 IR AR
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s
T
™
™

Laft side

WA E]FE

Fig.4. Model of bridge crane in the working environment where
simulations will apply, created with software SimWise 4d [4]




Lifting mechanism is designed in the form of double pendulum.
Working load has prismatic form with dimensions 2 m x 2m x 1 m,
with mass Q = 5000 kg (including Pulley and Hook mass) (Fig.2)
[7]. Load height from basement is 1 m. It is positioned in the center
of main girder. We consider that best results will be achieved with
max carrying load Q = 5100 kg, as given by manufacturer [1].

Crane’s model of main girder and side girders, with side
extensions for telpher is shown in Fig.5. [8], [3]

Fig.5. Model of main girder and side girders: 1-Main girder; 2-Side
girders; 3-Side extensions for the laying telpher; 4-Crane wheels;

Simulations will be planned for crane traveling - translational
motion for time t = 8 s, which converts to travel length | = 4 m.
Simulations are planned to reflect real travel of crane in order to
achieve reliable results and comparable with measurements. For the
proper scenario of travelling process, simulation will start without
travelling until time t = 0.5 s. This in order to have the stability of
load hanging on cables. After t=0.5 s, will start the travel of crane
with griven speed. Travelling will end on time t = 8 s, which
converts in length | =4 m.. (Fig.7) [4], [8].

4. Experimental measurements

Lifting cables are heavily loaded part, while they carry load and
hoist mechanism. There are 4 branches of cables connected with
Hook and pulley system, which connects to drum with 2 lifting
branches. Measurements in crane are done in place where crane is
mounted, in one local company (Fig.1). They will be used for
validation of results [5]. Main measured parameter was tensile force
in lifting/lowering cables — F; . In this crane there are 4 branches of
lifting cables connecting between drum and pulley system.

Type of cables are wire ropes type 6X37, with diameter d. = 19
mm [1]. Other properties are: Modulus of elasticity: E = 7.58-10%
Pa, Minimum breaking strength F, = 212 kN, Safe Load F, = 42.3
kN [1], [14].

Tensile force was measured with dynamometer type Dini Argeo
attached to the Hook [9], during motion of crane (Fig.6). There
were 5 measurements achieved, and results are shown in Table.1:

Time of Tensile Force in all Force in each branch of lifting
travel (s) lifting cables - Ft (N) cables (Ft/4) (N) (aprox.)

1 51800 12950

3 49800 12450

6 52700 13175

8 50600 12650

12 50750 12687

Table 1. Results of F, with dynamometer in hanging cables

Fig.6. Measurements with Dynamometer during motion of crane
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5. Results in lifting cables

In Fig. 7 is given graph of Force F; in one cable branch after
simulations of crane travel. Result are shown for time of crane
travel t=8s.

Force (N)

0 1 2 3 4 6 6 7
Time (s)
Fig. 7. Tensile force F; in one branch of lifting cable. Black dots
are experimental values from Table 1.

Based on graph in Fig.7, we can conclude that force in lifting
cables during crane travel is comparable with experimental values,
which are shown with black dots. This validates results with
simulations and makes them reliable and trustworthy.

Graph of Force in cables is dynamic in nature, with high
frequencies that reach up to v = 17 Hz, maximum value of force is
achieved in time t = 6.5 s, with value Fypna = 20000 N = 20 kN.

Based on literature, strength properties of lifting cables are:
Minimum breaking strength F, = 212 kN, Safe Load F; = 42.3 kN
[1], [14]. It can be concluded that F . < F, cables of crane can
stand the dynamic tensile force without major deformations.

But, value of dynamic coefficient ¥, which is the ratio between
maximal dynamic force and static force is high [6], [8] :

l{l__deax _ 20 _ 20
T F, Ts0/4 125
This results that cables undergo 60% more dynamic forces
compared to static forces. This is a matter of concern while cables
strength will decrease by time and express fatigue after defined time
frame, which requires frequent control of their condition.

4. Results in main girder

Girders are considered most important part of Crane (Fig.1,
Fig.2). On main girder is mounted telpher that hangs in side
extensions (Fig.2,4), which has also mounted on it hoisting
mechanism and load Q. Dynamics and oscillations from the load Q
and hoisting mechanism are passed on girder.

Main parameters that define material loading deformations are
stresses and strains based on acting forces and moments. Results of
these parameters are most important for analysis and conlcusions.

Formula of normal stress for Hollox Box profile is [2], [10]

M

Gx :]_x' y (2.1)

M - Bending Moment; J, — Moment of inertia; y — position in the
Cross section.

M
Max value of stress is: 6y = — (2.2)
Wy
Jx

Ymax

Formula of Shear stress for Hollox Box profile is:

4
Where W, = = —-b%t - resisting moment of inertia (2.3)

Tmax S’
Txy = —_ =

s 2.4)



2-t-h3 /12 + 2-(b-2t)-t- (h/2-t/2)?
2:-h/2.t-h/4 + (b-2t)-t-(h/2-1/2)

where:

= (2.5)
Tmax — Max value of shear force; S' — Static moment of profile area

h —hight of profile area; b — width of profile area; t — thikness of
profile walls [2], [10].

In the Theoy of constructions using Finite Elements Method,
and in calculation of stresses by software [3], there is
implementation of Von Misses Stress, which is widely used by
designers to check whether their design will withstand a given load
condition. It is a value used to determine if a given material will
yield or fracture. It is mostly used for ductile materials, such as
metals. The von Mises yield criterion states that if the von Mises
stress of a material under load is equal or greater than the yield limit
of the same material under simple tension. General von Mises
equation, using principal stresses is [12], [13]:

_ i
Oy —\/5 [(011 = 012)% + (022 — 033)% + (033 — 011)% + 6(012% + 0237 + 0347)]

(2.6)
Where stress componets are part of Cauchy stress tensor:
011 012 013 Oxx ny Oxz Oy Txy Txz
6 =0;=[021 022 023|=[0yx Oyy Oyz|=[Tyx Oy Tyz|(2.7)
031 032 033 Ozx  Ozy Oz Tzx  Tzy 0z

Some of these textbooks for machine design show that the von
Mises stress with respect to non-principal axes can also be
expressed as [13]:

o =L[(o'x—a_‘)l-»-(a_‘—0':)2+(0'Z—0'x)2+6(r T, 4T )] "

NG

When only o,, and t,, are present (as in combined torsion and
bending/axial stress or pure torsion), the Von Mises stress is:

(2.8)

o, = /axz + 312, (2.9)
Note that in pure shear or pure torsion o, =0. If o, =0, then:
o,= [31%,=V3 1, (2.10)

According to distortion energy theory, yielding occurs when o,
reached the yield strength Sy. Therefore in pure shear, yielding
occurs when 7, reaches 58% of Sy [12]. In further analysis, Von
Mises stress and its components will be calculated and shown as
main result for girders.

Results will be achieved using Numerical methods (Kutta-
Merson) and Finite Elements Method (FEM), supported by software
in order to achieve best results.

Other properties of main glrder are: Elastic Modulus: E=2.10"
Pa, Yield Stress g,; = 3.31- 10® Pa ; Ultimate Tensile Stress g, =
4.48-10° Pa ; Poisson’s Ratio v = 0.29. [1]

Catemmaions sosbed b6 72d

Fig.8. Deformation of main girder (Scaled by 6.274), and contour
spread of Von Misses Stress
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Based on model created, results are achieved for main dynamic
parameters for measurement of deformations: Stress and strain [4],
[8].[2]. Stress will be type Von Misses Stress. Results are shown in
Fig.9 to Fig.12. In Fig. 8 is shown discretization of girder in volume
FEM Elements, values of contour Stresses, and deformation of
girder (Scaled by 6.274).

gl r“ i “ \‘IU
M l’ Nn \h il u \i ,
N Fig.9. Stress Von Mis:;: in main girder '
w | Fig. 1; Straln;Von M'i:es in :naln girder
i MM l

1 e

Fig.11. Torsion stress in main girder — z,,. Main girder undergoes

ikt ol
AN

Fig.12. Shear stress in main girder — 7,

Based on results from Fig.9 to Fig.12, we can conclude that
main girder undergoes heavy dynamic stresses and strain, with
frequent oscillations, high amplitudes and high frequencies that
reach up to o = /8 Hz. Max value of Von Misses stress occurs in
time t = 6.6 s, and has value opa = 3-10° Pa (Fig.9). This value of
stress is less then Yield stress oy < gyi = 3.31:10® Pa of material.
This concludes that girder’s structure can handle the loading, but is
near to boundary Yield stress and near to possible deformations.



In Fig.10 is given graph of Strain for girder - £. Graph is similar
in form and dynamics of change with the one of stress. Max value
of strain is ¢ = 0.0013 occurring intimet= 7.5 s.

In Fig.11 is given graph of Torsion for girder. It can be
concluded that girder is loaded with torsion, but the intensity is
small, tymax=1.3-10°.

In Fig.13 is given graph of Shear stress for girder. Maximal
Intensity is small, zyma~1.5-10°.

5. Results in side girder for travel motion
In Fig.13 to Fig.16 are shown graphical results for Right Side

Girder. Results of graphs of Side Girder (Fig.14,15) are similar in
form and dynamic occurrence with ones of Front girder.

Fig.13. Contour spread of Von Misses stress in right side girder
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Fig.14. Stress Von Misses in side girder
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Fig.15. Strain Von Misses in right side girder

Based on results from Fig.14 and Fig.15, we can conclude that
main girder undergoes heavy dynamic stresses and strain, with
frequent oscillations and high frequencies.

Values of Von Misses Stress are smaller than for main girder
(Fig.14). Max value occurs in time t= 3 s, and has value oy =
1.7-10° Pa (fig.9). This value of stress is less then yield stress of
material omax < oy = 3.31.10% pa of material, which means that
girder’s structure can handle the loading.

in fig.10 is given graph of strain for girder -¢. Graph is similar
in form and dynamics of change with the one of stress, but values
are smaller. max value is ¢ = 0.0000007 occurring in time t~ 1.8 s.

Another important conclusion from results is that oscillations
occurring on load Q and cables are passed in other parts of crane
with similar form of curve, periods, and frequencies.
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6. Conclusions

The main problem in bridge cranes during travel are oscillations
as dynamic occurrences. It is important to identify and minimize
them. Their influence will impact material deformations
significantly. Oscillations in cranes often are difficult to measure
with instruments. They are mainly induced by load and pulley
swinging that induces forces in cables, and furthers other forces,
moments and stress in other parts. To find their form of occurrence
we created model of bridge crane and implemented simulations.
Results are also compared with experimental analysis. Important
part of analysis is finding proper simulations plan that reflects real
crane’s travel motion, so that results are reliable. Results are gained
for main dynamic parameters that represent material loading and
deformations. Based on results, it can be concluded that main parts
of crane analyzed undergo oscillations that are heavy and mostly
with irregular occurrence. They occur in different planes. They have
negative effect in parts and deform them. According to results we
can conclude that crane parts analyzed can handle dynamic loads
and don’t show problems of overload or plasticity deformations.
But this is acceptable only if proper type of material is selected.
Also long term oscillations of this form will decrease strength of
parts and increase chances for fatigue and damage. It is important to
minimize oscillations in order to achieve minimal dynamic loads
[5], [8]- Speed of travel must remain in optimal value, as lower as
possible to minimize negative effects of load swinging,
deformations of parts and other safety considerations.

This work is also important for safety at work with bridge
cranes. It can be used also for further material strength analysis, and
in the future can be used for other work processes like load lifting
and cart travel.
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Abstract The investigation results of the production process of powder permeable materials (PPM) by forming thin permeable layers by
means of ion-plasma sputtering method in a vacuum with the use of removable agents have been presented. The method makes it possible to
obtain a continuous coating on the surface of the porous substrate. The layer formation on the surface of the porous substrate is provided by
the use of the removable agent. After its removal, the layer sputtered on its surface remains an independent unit in the structure of the two-
layer permeable material. The coating applied to the substrate has an open porosity.

KEYWORDS: POWDER PERMEABLE MATERIALS,
PROPERTIES

1. Introduction

Reduction of the thickness of a fine-dispersed layer of two-layer
powder permeable materials (PPM) leads to a decrease of their
hydraulic resistance and, accordingly, increases the efficiency of
use [1, 2].

One of the methods that make it possible to produce double-layer
PPMs is to apply thin permeable coatings to the porous powder
substrate by ion-plasma sputtering method in a vacuum [3-5].
However, the significant dependence of the pore size of the thin
permeable layer on the pore size of the substrate and the columnar
nature of the coating (Fig. 1) do not encourage the formation of
structures with a complex of properties that one would expect from
this method.

Fig.1 The structure of the PPM produced by ion-plasma sputtering
method in a vacuum without a removable agent

The purpose of this work is to study the production process of
ion-plasma sputtering method in a vacuum using removable agents.

2. Materials

The samples were produced in the form of disks with a diameter of
30 and a thickness of 3 mm. A study of the structure of porous
materials was carried out using a high-resolution scanning electron
microscope "Mira" of Tescan company (Czech Republic) (Fig. 2);

ION-PLASMA SPUTTERING

IN VACUUM, REMOVABLE AGENT,

the characteristics were determined by standard methods (average
pore size according to GOST 26849-86, permeability coefficient in
accordance with GOST 25283-93, porosity according to GOST
18898-89).

Fig. 2 A high-resolution scanning electron microscope "Mira-3" of
Tescan company (Czech Republic)

Initially, a porous substrate was made from a tin-phosphorous
bronze powder with particle sizes (minus 630 + 400) um by a free-
filling sintering method, then its surface pores were filled with a
removable agent — NaCl powder with a grain size composition
(minus 40 + 20) um on one side of the substrate. To ensure better
adhesion of the particles of the removed agent to each other and to
the base material, a 5% solution of carboxymethylcellulose (CMC)
in water was used as the binder. The ratio of CMC in a mixture of
NaCl-CMC was 4% (volumetric). Then a copper coating with a
thickness of 35 um was applied on the side of the removable agent
by the ion-plasma sputtering method in a vacuum on a vacuum
plating machine HHB-6.6-M11. Then NaCl was removed and the
average pore size and permeability coefficient of the produced
sample were determined. The machine for the application of vacuum
functional coatings HHB-6.6-111 is shown in Figure 3.

393


mailto:alexil@mail.belpak.by
mailto:19081877@mail.ru
mailto:nil23niipm@tut.by
mailto:irinacharniak@tut.by
mailto:varchavskaia@mail.ru

Fig.3 A vacuum machine HHB-6.6-71 for the application of
vacuum composite functional coatings

3. Results and discussions

The choice of materials of the removable agent and binder is due to
the fact that the object treated by ion-plasma flows in a vacuum
should give stability (resistance to decomposition, no gas evolution,
etc.) at temperatures up to 200 °C. It was confirmed by the study of
the behavior of the NaCI-CMC composition at different
temperatures in air. The porous structure of NaCI-CMC is shown in
Fig. 4.

Fig. 4 The porous structure of NaCI-CMC

The main requirement for the composition of NaCI-CMC is the
presence of through porosity in its structure and, accordingly, on
the surface, otherwise the production of the effective two-layer
PPMs by the method being developed will be problematic. Analysis
of the structure of the obtained composition confirms the presence
of through porosity (Fig. 4). In addition, to confirm the possibility
of using the selected removable agent when a thin permeable layer
was produced from the NaCI-CMC composition by the ion-plasma
sputtering method in a vacuum with free-filling molding into a
mold, a substrate was prepared which was coated with a thin layer
of copper by means of ion-plasma sputtering and brittle fractures of
the produced sample were investigated (Fig. 5-7).

Cu

Fig. 5 The configuration of the coating on the removable agent, x
1500

Cu

Cu

NaCl

Fig. 6 Copper coating on the NaCI-CMC composition at various
magnifications, x: a) x150;) x800

Figure 5 shows the configuration of the coating of individual
particles of the removable agent with the sputtered material
(copper), which repeats their shape. Figure 6 illustrates the presence
of a thin continuous sputtered layer of copper on the surface of the
substrate at various magnifications. Figure 7 confirms the presence
of open pores on the surface of the substrate.
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Fig. 7. Pore channels on the surface of the substrate produced from
the NaCI-CMC composition, after applying a layer of copper at
various magnifications: a) x2300; b) x 2500

Analysis of images of brittle fractures obtained by the proposed
method, experimental samples of two-layer PPMs and their surface
on the side of the sputtered layer (Fig. 8-13) makes it possible to
define that:

a) the proposed method makes it possible to obtain a thin
continuous coating on the surface of the porous substrate
(Fig. 8);

b) the creation of a thin layer on the surface of the porous substrate
is primarily provided by the use of a removable agent: the images
of the sample surface in the cracking site at the fracture (Fig. 9) and
the fracture at the sites where the removable agent was sputtered
(Fig. 10) show that after removal of the removable agent, the layer
sputtered on its surface remains an independent unit in the structure
of a two-layer PPM, sufficiently tightly bound to the porous
substrate;

c) the coating sputtered on the substrate has an open porosity (Fig.
11);

d) the particles of the sputtered layer have a good contact with the
substrate particles (Fig. 12) and with each other (Fig. 13).

BrO10F1 Cu

Fig. 8 Structure of a two-layer PPM, x 025
BrO10F1

Cu

Obr .. k27 —f

Fig. 9 Cracking at the fracture ste of the experimental sample

Fig. 10 Fractogram of the brittle fracture of the experimental
sample in the region of the removable agent at various
magnifications: a) x 250; b) x 300

Fig. 11 Surface of the experimental sample when the thin permeable
layer is applied

Fig. 12 The boundary line between the sputtered layer and the
substrate particle at the site of brittle fracture
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Fig. 13 The coating on the substrate particle (on the right) and on
the removable agent (on the left)

The properties of the experimental samples of two-layer PPMs and
also the properties of the analogue samples are given in Table 1.

Table 1 — Properties of two-layer experimental samples and analog
samples

PPM PPM process
Characterist
ics
lon-plasma sputtering Powder molding of various lon-plasma sputtering in
in vacuum using a | fractions vacuum  without a
removable agent removable agents
The particle size of a | Particle size of fine- | The particle size of the
removable agent, um dispersed layer, um substrate powder, pm
(minus 40+20) (minus (minus (minus (minus
200+ 160) 160+ 630+400) 400+315)
125)
The particle size of | The particle size of the
the substrate powder, substrate powder, um
um
(minus (minus (minus (minus
630+4 400+315) 630+400) 400+315)
00)
Porosity, 42 41 40 38 43 41
P, %
d ; yaxe, KM 63 49 60 42 220 140
dyep um 38 27 38 27 170 120
k, m?, x10% 364 350 197 172 1400 900

Analysis of the experimental data presented in the table enables to
state that ion-plasma sputtering in a vacuum with the removable
agents makes it possible to produce two-layer PPMs with an
increased complex of properties: the permeability coefficient at the
specified average pore size of such materials can reach values by
1.85-2, 0 times higher in comparison with two-layer PPMs,
produced by the method of powder molding of different fractions.

4, Conclusion

The process of applying of ion-plasma coatings on  porous
substrates using a removable agent was studied. It has been
experimentally confirmed that the proposed method makes it
possible to produce a thin continuous coating on the surface of the
porous substrate. The formation of a thin layer on the surface of the
porous substrate is primarily provided by the use of the removable
agent. After its removal the sputtered layer remains an independent
unit in the structure of the two-layer PPM, sufficiently tightly
bound to the porous substrate. The coating sputtered on the
substrate has an open porosity. The particles of the sputtered layer
have good contact with the substrate particles and with each other.
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Abstract: Incremental sheet metal forming has been well-known as one of the flexible methods of forming metallic sheets, suitable for the
production of prototypes or small batch sizes. Apprehending the deformation method in forming processes and selection of route parameters
to avoid part failure are of vital importance, because marketing needs standard sound parts in a shortest possible time. This paper presents
the study on the use of finite element modeling of incremental sheet metal forming of Al 1100 aluminum alloy to investigate the effect of tool
diameter and step over on the forming induced stresses, part thickness distribution and forming forces. The results of finite element analysis
are compared with experimental data while producing truncated pyramid parts. It has been shown that the developed finite element model is
capable of providing reliable results in the prediction of the final thickness of the part, which matches the experimental results with a

maximum discrepancy of 8%.

Keywords: ALUMINUM ALLOY, INCREMENTAL FORMING, FINITE ELEMENT METHOD, FORMABILITY

1. Introduction

In sheet metal forming industry, the mass production of
different parts is usually done by using accurate but expensive
punches and dies. In mass production, because of the large
quantities of the produced parts, the cost per part becomes
significantly small, which makes these processes economically
feasible for sheet metal forming industry. However, when small
batch sizes or prototypes are required, the cost per part increases
drastically. This increased cost makes the conventional methods
based on dies and punches not feasible anymore. Therefore, it is
necessary to develop and implement new developing techniques to
satisfy the requirements imposed by the small batch production
industries’. Incremental sheet forming (ISF), which originates from
hybridization of stretch forming and conventional spinning
processes?, can be considered as a plastic forming process which
meets the requirements of individual part or small-batch production,
enabling the manufacturing of the desired shape through an
incremental localized deformation®.

In ISF process, the forming of a metal sheet is performed using
the movements of a CNC controlled hemispherical head tool, which
plastically deforms the blank according to a predefined path. The
tool path generated with computer aided manufacturing (CAM)
software, makes it possible to obtain complex geometries using a
simply shaped tool**®. In addition to eliminating a need for
sophisticated forming tools, ISF results in an increased forming
limit compared to pressing process®. Due to its unique advantages
such as flexibility, cost effectiveness as well as reduced time-to-
market and increased forming limit, ISF has gained a substantial
attention from academia and industry as an important research area.
According to Jackson & Allwood*, and Jeswiet et al.’, the first
industrial emergence of ISF which is also called “diless forming”,
dates back to 1960s in the USA. This method has been patented by
Roux® and Leszak’, while academic research lagging behind
industrial application began in the early 1990s in Japan.

Depending on the complexity and desired accuracy of the
workpiece, several variations of ISF have been developed in the last
decades. In general ISF process can be classified into three groups,
i.e. Single-Point Incremental Forming (SPIF), Two-Point
Incremental Forming (TPIF), and Hybrid Incremental Forming
(HISF).

SPIF, which is the simplest form of ISF, uses a simple tool to
form the sheet, without requiring any supporting tool or die. The
idea of using a fixed tool as a support has been introduced by
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Matsubara in 20018, where a very straightforward and compact
tooling is devised and put on the bed of a CNC machine acting as a
support during the forming process. The method which later called
as TPIF has been successfully used in the forming of an aluminum
sheet into cones and pyramids having an arbitrary number of sides
with a minimum half-apex angle of 10°. The TPIF process may use
a partial die or a full die. It should be mentioned that due to the
reduced forming forces of ISF, it is possible to use soft materials
such as plastics as partial or full dies, which can easily be produced
by 3D printing techniques®. The term Asymmetric Incremental
Forming (ASIF) is used to refer to both SPIF and TPIF®.

Due to the unique advantages of ASIF, recently extensive
researches are done to understand the mechanism of forming of
ASFI and its potential applications for the fabrication of either
prototypes or functional parts. The studies in the literature are
mostly concentrated on three important quality measures of the
process, namely geometric accuracy, surface quality and
formability. Low part accuracy due to spring back and sheet
bending has been considered as a limiting factor for the industrial
application of ASIF, which is directly affected by the tool path
generated by CAM software.

Finite element method has been used as an indispensable tool
by several researchers to study ISF process. Cerro et al.* used FEM
modeling of the ISF process of Al 1050-0 sheets during forming of
pyramids with a 75° wall angle using the ABAQUS/Explicit
software with shell elements. They reported a maximum difference
of 5% between the peak values of the measured and predicted
forming forces in the Z direction. The compromise between speed
and accuracy of SPIF has been investigated by Yamashita et al.'!
using a dynamic explicit finite element code DYNAS3D in forming
quadrangular pyramids. The TPIF with full die has been studied by
Attanasio et al.'? to understand the effect of tool path type, step
depth and scallop values on manufactured part characteristics. They
investigated the surface quality, thickness distribution and
geometric accuracy of a door handle of a commercial car made of
FeP04 steel with a thickness of 0.7 mm. Their results showed that
step depth and scallop height significantly influence the
characteristics of the manufactured parts. They also presented some
preliminary FEM simulations.

In the present paper, deformation behavior of Al 1100
aluminum alloy sheet metal in a single point incremental forming
process (SPIF) is numerically simulated using ANSYS software.
The effect of tool diameter and step over on the forming induced
stresses; part thickness distribution and forming forces are



investigated. The results of finite element analysis are compared
with experimental data while producing truncated pyramid parts.

2. Materials and Methods

In this study, SPIF of Al 1100 aluminum alloy is well-thought-
out. Before conducting SPIF tests, the material properties are
obtained using a standard uniaxial tensile test. An annealing process
is carried out in the samples at 380 °C for 90 minutes. Fig. 1,
illustrates the stress-strain curve for Al 1100 aluminum alloy. The
material properties of this alloy are shown in Table 1.
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Fig. 1 Stress-strain curve for aluminum alloy Al 1100

Table 1: Material properties of aluminum alloy Al 1100

Elastic Poisson’s Yield Ultimate Elongation %
Modulus Ratio Strength Tensile
(GPa) (MPa) Strength
(MPa)
84 0.33 41 79.7 31.8

To do single point incremental forming, aluminum sheets with
dimensions of 150x150x1 mm are prepared. A forming tool with a
diameter of 10 mm with a hemispherical head is fabricated from a
Stellite (cobalt-chromium alloy) with a hardness of 54 HRC and
mounted on a CNC milling machine (FP4AMK-MST). The
hemispherical part of the forming tool has been ground and polished
to reduce the friction. The aluminum sheet is fixed to the CNC
milling machine using a dedicated fixture. Fig. 2 illustrates the
forming tool and experimental setup used in this study. A CAM
software is used to generate a tool path using parallel spiral outside-
in strategy. The tool path is schematically shown in Fig. 3.

(a)

Fig. 2 (a) Hemispherical tool, (b) Experimental Setup for SPIF
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Fig. 3 The tool path used in the incremental forming process

The forming operations are performed at a feed rate of 60 mm/min
with lubrication to reduce the friction and to avoid tool wear. The
rotational speed is taken as 140 RPM. Fig. 4 illustrates a truncated
pyramid part produced by SPIF process.

Fig. 4 (a) Truncated pyramid part fabricated by SPIF process

3. Finite Element Modeling of SPIF Process

In this study, finite element simulation of single point
incremental sheet metal forming is performed using ANSYS
software. The geometric model of SPIF process consists of four
different parts, including forming tool, blank, blank holder and
fixture as depicted in Fig. 5 (a). The fixture and blank holder are
meshed using Solid 95 elements. The blank has been modeled using
Visco Solid 107 element. The forming tool is modeled as an elastic
body with a modulus of elasticity of 207 GPa. The meshed model of
the assembly is shown in Fig. 5 (b).

O] )

Fig. 5 (@) Geometric model of the SPIF process, 5(b) Finite element model
of the SPIF process

A rigid-flexible surface-to-surface contact is defined using
Target 170 and Contact 174 elements. Since in this process
lubricant is used to reduce the friction between sheet and forming
tool, a small Coulomb friction factor of 0.04 is used in the
simulations. A step over of 10% of tool diameter is considered,
meaning that after completing each loop the forming tool moves 1
mm from the current loop towards the center of the part to start the
next loop. Fig. 6 illustrates the deformed shape of the sheet at the
end of the simulation.



Fig. 6 Deformed shape of the sheet after SPIF process

The contours of von Mises stresses and strains are shown in Fig.
7 and Fig. 8, respectively. The results of simulations revealed that
as the depth of part increases the level of stresses increases. The
maximum stresses occur at the contact region between the forming
tool and sheet during deformation.
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Fig. 7 Forming induced von Mises stresses in SPIF process
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Fig. 8 Forming induced strains in SPIF process

The thickness of the part was measured at different positions to
compare the results of simulations with experiments. Table 2 shows
a comparison between experiments and finite element predictions.
As is seen in Table 2, the minimum thickness in FEM predictions is
about 0.65 mm, while it is 0.7 mm in experimental one, which
shows the capability of the FEM model in the prediction of
thickness reduction with a maximum error of 8%.
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Table 2: Measured thicknesses vs. calculated thicknesses

Thickness | 0.65 [ 0.73 0.81 0.89 0.97 0.99
FEM [mm]
Thickness Exp. 0.7 0.77 0.84 0.91 0.96 1
[mm]

4. Analysis of the Effect of Forming Tool Diameter

The SPIF process was simulated with hemispherical head
forming tools having three different diameters of 7 mm, 10 mm and
13 mm to analyze the effect of forming tool diameter in the
incremental forming process. For each of forming tools, von Mises
stresses, formed thickness and forming forces are obtained at a
constant step over/outstep of 1 mm. The simulation results for each
tool are shown in Table 3.

Table 3: Results of simulations for different tool diameters

Tool Dia. Von Mises Thickness Maximum Forces (N)
(mm) | Stress(MPa) |  (mm) F Feed Fz

7 102 0.64 290 673

10 101 0.65 292 681

13 99 0.66 297 718

As it can be seen in Table 3, the increase in the forming tool
diameter results in a decrease in the von Mises stresses and increase
in the formed thickness of the workpiece. Therefore, we can
conclude that with increasing forming tool diameter the possibility
of failure reduces, which makes it possible to produce parts with
larger depths. It can also be seen that, by increasing forming tool
diameter both in-feed and in-depth forming forces increases.

5. Analysis of the Effect of Step Over

Step over is another important parameter which has a significant
influence on the forming induced stresses and formability of the
sheets during ISF process. In this study, the effect of step over on
forming induced stresses and thickness reduction is considered.
Two step over values of 10% and 20% are taken into account for a
forming tool of 10 mm diameter, while other conditions are kept
similar. The results revealed that by increasing step over from 10%
to 20%, von Mises stresses increases from 101 MPa(Fig. 7) to 109
MPa (Fig. 9). The thickness of the part also reduced to 0.62 mm,
meaning that as step over enlarges the formability of SIF decreases.
Therefore, based on these results, in order to increase the
formability, the step over values should be made as small as
possible, however by selecting very small step over values, the
processing time increases, which in turn reduces the productivity.
Hence, the best compromise between step over and the process time
is well-thought-out.
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Fig. 9 Analysis of the Effect of Step over process



Conclusions

This paper aims at studying the use of finite element modeling
of incremental sheet metal forming of Al 1100 aluminum alloy. To
investigate the effect of some process parameters on residual
stresses and part thickness distributions, the results of the finite
element analysis are compared with experimental data while
producing truncated pyramid shaped parts. It has been shown that
the developed finite element model is capable of providing reliable
results in the prediction of the final thickness of the parts, which
matches the experimental data with a maximum discrepancy of 8%.
The results of FE simulations revealed that with increasing forming
tool diameter the possibility of failure reduces, which makes it
possible to produce parts with larger depths. It has also found that
by increasing forming tool diameter both in-feed and in-depth
forming forces increases. The effect of step over on the formability
of SPIF process of aluminum alloy Al 1100 has also studied. The
results revealed that, as far as the productivity of the process is
maintained, small step over values should be preferred to increase
the formability and to reduce the forming induced stresses.
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Abstract: Nowadays are very actual problems of working out waste of non-ferrous metallurgy such as converter slags of the copper
enterprise. One of the new direction of additional extraction of copper from slags of converter section is combine method including
mechanochemical activation and concentration by flotation of nanostructured initial material. The first stage - is receiving thin crumbled
material with high degree of dispersion. This permit furnish an explanation of noticeable changing of properties of high dispersion
materials: appearance of activity centers on the surface of minerals because there are alterations and become activity of electronics
structures of surfaces layers as consequence of modification of surface. Moreover, take places processes of opening of capsules, including
captured particles of some components (metals, minerals from slag, such as copper sulphides etc.). As far as, converting is going with high
speeds it’s possible mechanical capturing of initial particles which didn’t participate in interaction during of process converting, minerals
may be screened by slag melt. Under the condition of the slowly cooling predominated kinetic mechanism of geterogenic interaction in the
silicacontainig system.  On the basis of investigations was worked out the technological regulations and fulfilled the industrial
probation.

KEYWORDS: CONCENTRATE, SLOWLY COLLED CONVERTER SLAG, FLOTATION, COPPER, EXTRACTION.

1. Inroduction 2. Fulfilmenttests

One of the new direction of the additional extraction of Tests were carry out on Balkhash plant in accordance with
copper from slags of converter section is the combine method, program of testing. At first during of five twenty-four hours was
which includes mechanichemical activation and concentration taken about 1500 ton of the slowly cooled converter slag . It was
by flotation of nanostructured initial material. used new regime cards, control of the regime parameters

The converter slag was slowly cooled after converter in fulfilment by the Laboratory of technological investigations of
special cups during 3-4 twenty-four hours and then it was Balkhash Enrichment factory. Results of tests (volumes products
transported on storage-place. The large blocks 400-500mm were and per-two hours analysis) duration of tests were taken from
treated in crusher after that it were growing small in mill. reports of service of the Enrichment factory in accordance of

The first stage is receiving the thin crumbled powdery timely inventory registration. The timely registration fulfilment
material with high degree of dispersion. This permit an at every day. There are results of tests presents in tables where
explanation a noticeable changing of properties high dispersion show characteristics of products, simples, contents metals,
materials: appearance of activity centers on the surface of productivity etc. [6-8].
minerals because there are alterations and activity of electronics The growing small initial material passed two stages with
structureson the surface layers asconsequence of modification of classification in hydrocyclone into closed cycle after the first
surface. Moreover, take place processes of opening of capsules stage of growing small on class — 0,074mm up to 55%. After the
including of particles of components such as metals, minerals second stagethecommunitedvery small crusing slag of class -
from slag: copper sulphides etc. As far as treatment in converter 0,074mm up to 92-94% was given into between stage of
is going with high speed it’s possible the mechanical capturing flotation. Concentrate after that was given as a ready product
in the silica melt the initial particles which did not took part in anddirectly into apparatus of thickening. The tailings, which
interaction during of process converting, sulfides may be received between stages of flotation directed into the third stage
screened by slag melt. Under the condition of slowly cooling the of additional communite to lump size of class -0,074mm up to
kinetic (dynamic) mechanism of geterogenic interaction in 90-95%. It was defined in average in initial material 5-6% Cu,
system is predominated [1-5]. in tailings 0,58-0,64%, degree of extraction by additional

Slag includes the complex components, anions, ions etc. concentration preliminary 90-95%Cu.
because there are different cilica-oxigen complexes in slag. It’s Further in process of investigations was reached higher
analogy of cooling melt of magma. The phase composition of results (Table). At 04.11,06.11,07.11 were reached high degree
slag is very complex because there are mobile equilibrium take of extraction cooper from concentrate: 94,7; 95,1;95,9
place between different cilica-oxigen complexes which defined accordingly (Table).Quality of concentrate is 25,4%

by quantity solved oxygen in melt. 1t’s observed polymerization
of the metasilica complex: n[SiOz],, +nO = n[Si,0;]SiO, which

adding oxygen is forming groups of [SiOs]: n[SiO;]: nSiO, + In accordance with the general probation which was at 5

nO = [SiO),; it’s possible formation of complexes [Si,Os] in November 2014yr. till 16-00 hour, when treated the slowly

accordance withscheme: 2nSiO, + nO = [Si,O¢],, cooled slag received meaning of extraction cooper 95,0% and
Moreover, it’s possible cupsulation of sulpher- containing content cooper in initial slag 5,69%, in tailings (waste) 0,58%Cu

minerals such as CuS, Cu,S, CuFeS, etc. The and quality of concentrate 33,9% Cu.

mechanochemical activation is promoting increase of interaction

in system.

The phase composition of slag is very complex and the
mechanochemical activation create additional conditions for
direct opening minerals of copper.
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Results of the

Initial - Extrac-

e [ | o | ot [T | o o]
0200 | 1,74 0,43 776 | 14,6 (6-8) 40
0400 | 222 0,42 824 | 145(6-8) 40
06.00 | 427 0,45 915 | 14,6 (6-8) 45
08.00 | 431 0,75 857 | 14,7 (6-8) 40

83'1141' snife | L74/L78 | 0400053 23,40/24,64 | 58 | 165
1000 | 268 0,62 787 | 259 55
1200 | 248 0,84 681 | 29,1 55
1400 | 271 0,69 776 | 17,6 55
1600 | 47 0,61 896 | 21,59 55
shife | 324/3.36 | 0,6010,73 224812349 | 67 | 220
18.00 | 549 0,63 929 | 24 56
2000 | 376 0,63 956 | 22,9 56
2900 | 415 0,62 894 | 234 56
2400 | 6:29 0,59 930 | 228 55
snife | 493/5.12 | 0,61/065 2271 |65 | 223
0200 | 472 0,57 909 | 17,2 59
0400 | 486 0,59 914 | 154 59
06.00 | 409 0,57 948 | 184 59
08.00 | 6:62 0,57 %1 | 196 59
spift | 5045527 | 0561058 17,19/17550 | 47 | 237
1000 | 497 0,53 928 | 195 52

9211 1200 | 538 0,54 926 | 19,1 52
1400 | 48 0,58 911 | 165 53
1600 | 482 0,58 927 | 144 50
st | 4841496 | 0581061 17411741 |52 | 207
1800 | 523 0,54 928 | 16,1 52
2000 | 58 0,59 933 | 1595 52

Table 1. The journal of work out.An examples of control technological parameters

operating control

given in table 1(For

example). During of industrial test of the slowly cooled converter
slag accordance with average operating calculation shows, that
initial maintenance Cu is 4,72%, in tailings — 0,57%, degree of

extraction 92,4%Cu and quality of concentrate 27,4%Cu.

Table 2. Dynamic of changing degree of extraction

copperin to concentrate in during tests

Date Degree of Remark
extraction of Cu,
%

01.11.14 93,3 An average volume
took

02.11.14 94,1 in accordance of 5-6
measurements

03.11.14 93,9 on day

04.11.14 94,7

05.11.14 95,0

06.11.14 95,1

07.11.14 95,9

08.11.14 92,8

09.11.14 93,7
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Figure 1. Dynamic of changing of degree of extraction
copper into concentrate

So, process of an extraction and concentration cooper from
waste of converter division of the cooper enterprise include the
basic flotation, one stage of sour operation and the control
flotation. Concentrate of the sour flotation given intothinkener as
a ready product, tailings of scour and cameral product of the
control flotation recycling with tailings between stages of



flotation into the third comminute, tailings of the control
flotation go to waste.

3. Conclusions

1. It was worked out the industrial tests of concentration
of the slowly cooled converter slag and fulfilment estimation
results of additional extraction cooper from the converter slag.

2.In accordance with the general probation treated the
slowly cooled slag and received meaning of extraction cooper
95,0%, content cooper in initial slag 5,69%, in tailings (waste)
0,58%Cu and quality of concentrate 33,9%Cu.
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Abstract: In this study, microbial fuel cell’s energy conversion performance experimentally investigated from the chemical energy of the
organic waste to electrical energy by means of microorganisms. Microbial fuel cell (MFC) consists of two cells which has 15x15x15 cm3
volume. One part of the cell conserves the mud (anode) the other part conserves the water (cathode). The membrane of the microbial fuel
cell has 8x8 cm2 area. Two different samples were used in the experiments which are active and settlement mud. The power, volt and
current values of the active and settlement mud for different temperature, resistance and bubble were determined. The temperature values
consist of AT = 8°C, AT = 10°C, AT = 12°C, AT = 14°C. AT=Tenvironment- Tmud. For every AT value 2 different bubble values were
examined (High=21,5 g/h, low=3,5 g/h). For every bubble effect 7 different resistance values were determined (1. Resistance= 3,75 Q; 2.
Resistance =7,5 Q; 3. Resistance =10,5; 4. Resistance = 14,5 Q, 5. Resistance = 16 Q; 6. Resistance = 19 Q, 7. Resistance = 21,5 Q) and
the performance of the 8x8 cm2 membrane of the MFC is detected. As a result; with the increase of the temperature, resistance and bubble
effect the voltage production increases and correspondingly the current decreases. When all the experimental results are evaluated,the
highest voltage production (687 mV) occurred at AT = 14°C and 21,5 Q with the high bubble effect in the settlement mud. Also, in this
study, MFCs performances in terms of voltage, current, temperature, power was modeled with Rule-Based Mamdani-Type Fuzzy (RBMTF)
modeling technique. Input parameters AT and time; output parameter power was described by RBMTF if-the rules. 1792 experimental data
sets, which obtained for power according to AT and time, were used in the training step. The comparison between experimental data and
RBMTF is done by using coefficient of multiple determination (R2). The actual values and RBMTF results indicated that RBMTF can be
successfully used in MFC.

KEYWORDS: MICROBIAL, FUEL CELL, FUZZY LOGIC, ACTIVE MUD

1. Introduction the behavior of the fuzzy logic controller and the relationship
between system’s input and output, are determined. As a result of
these rules, every value obtained from the experimental study is
also determined by fuzzy logic too. Main objective of the study is to
present that it is possible to evaluate performance of MFCs by
generating a fuzzy logic model.

Fuel cells are developed systems which use hydrogen as a fuel
to generate electrical energy. During the energy production no
combustion or exhaust gases occur because fuel cells combines
hydrogen with oxygen into an electrochemical process to produce
electric current. Hence one can say fuel cells are environment-

friendly [1]. 2. Material and Models
Microbial Fuel cells (MFCs) —-one type of FCs- generate '
bioelectricity using an active microorganism as a biocatalyst in an MFCs use bacteria as the catalysts to oxidize organic and

anaerobic anode compartment. Active biocatalyst in the anode inorganic matter for generating current. The electrons are produced
oxidizes the organic substrates and produces electrons and protons by the bacteria and transferred to the anode (negative terminal) and
than the protonsa re transfered to the cathode chamber which is flow to the cathode (positive terminal). These two terminals are
physically separated by a proton exchange membrane (PEM) from linked by a conductive material containing a resistor, or operated
the anode chamber, and the electrons are conveyed through the under a load (i.e., producing electricity that runs a device) as shown
external circuit. While oxygen reduces the protons and electrons are Figure 1 [4].

reacted in the cathode chamber [2].

Scientists have discovered almost a hundred years ago that
bacteria can generate electricity. Nonetheless Microbial Fuel Cells
that can produce electricity from organic matters from what would
otherwise be considered waste, have been discovered as a new form
of renewable energy technology. MFCs use energy much more
efficiently than standard combustion engines -which are limited by
the Carnot Cycle- and MFCs emissions are well below regulations.
The new MFCs convert hydrogen to energy 8 times as high as
traditional hydrogen production technologies therefore their energy
efficiency is far beyond 50% [3].

In this study, experimental investigation was carried out to Anode  Bacterium Mem Cathode
determine microbial fuel cell membrane performance. Two different
samples were used in the experiments which are active and
settlement mud. The power, volt and current values of the active Fig. 1. Operating principles of MFCs [4]
and settlement mud for different temperature, resistance and bubble
were determined. Also, in this study, Rule-based Mamdani-type
fuzzy (RBMTF) modeling used to evaluate performance of MFCs.
Performance parameters are power, current, voltage, temperature
and bubble effect. In the developed RBMTF system, outlet
parameter power was determined using inlet parameters time,
temperature and bubble effect. The rules, which are used to detect

In 1965 Zadeh introduced the fuzzy subsets theory as an
extension of the set theory by the replacements of the characteristic
function of a set by a membership function whose values range
from 0 to 1. RMBTF is fundamentally a multi-valued logic that
allows traditional evaluations like yes/no, true/false, black/white,
large/small, etc. to be defined as notions like “rather warm” and
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“pretty cold” and formulate these evaluations mathematically and
process them with computers. A fuzzy system is based on three
basic concepts; a fuzzy set, fuzzy membership and fuzzy variable.
According to the classic theory of sets, if an element is in the set
than its logical value is “1” and if an element is not in the set than
its logical value “0”. Fuzzy IF-THEN rules is the knowledge base of
RBMTF which are used to describe the functional dependencies
between the input and output variables, following the reasoning
with the operators AND, OR and NOT in general linguistic usage
[5].

In this study, RBMTF was designed using MATLAB fuzzy
logic toolbox. This model is constructed into RBMTF using input,
time (s), temperature (°C) and bubble effect; output parameter
power (mW) described by RBMTF if-then rules for each sample.
Numerical parameters of input and output variables were
fuzzificated as linguistic variables: very very low (L1), very low
(L2), low (L3), negative medium (L4), medium (L5), positive
medium (L6), high (L7), very high (L8) and very very high (L9).

3. Result and Discussion

MFCs are a special type of FC that the microbes added can
purify wastewater and convert organic matter into electricity at the
same time. Thus may offset the operating costs of wastewater plant.
A MFC has separate anode and cathode chamber which in anode
the organic material is oxidized by the microbes and in anode the
electrons are transferred to cathode either by an added electron
carrier or directly from the respiratory enzyme of the bacteria
(mediator less). The transport of the electrons is done by external
circuit where electrons are consumed by terminal electron acceptors
[6].

The aim of this study, with the aid of experimental data, MFCs
performances in terms of power, temperature, time and bubble
effect were modelled with fuzzy logic modelling technique. In the
developed RBMTF system, output parameters power (mW) was
determined using inlet parameters T, t and bubble effect. Figs. 2-3
shows respectively comparison of experimental data of low bubble
and high bubble effect with RBMTF for the variation of time with
AT of power values for active and sedimentation mud (AT =8-14
°C; t=0-120 s). From a comparison of the experimental results with
the results of the fuzzy logic study, one can see that the results are
quite compatible (Figs. 2-3).

_|® ® @& Experimental
A A A Fuzzy

Active Mud
Low Bubble |:

Power (mW)

Fig 2. (a) Comparison of experimental data with RBMTF for
the variation of time with AT of power values for active mud and
low bubble.

2. (b) Comparison of experimental data with RBMTF for
the variation of time with AT of power values for sedimentation
mud and low bubble.
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Fig. 3a) Comparison of experimental data with RBMTF for the
variation of time with AT of power values for active mud and high
bubble.

3b) Comparison of experimental data with RBMTF for the
variation of time with AT of power values for sedimentation mud
and high bubble.



These figures present that;

* For active mud and low bubble, the power values for AT=14
°C is higher than other temperature differences. The power value for
AT=14 °C and t=32 s was 18.78 mW at most but AT=8 °C and t=32s
was 10.41 mW (Fig.2a).

* For sedimentation mud and low bubble, the power values for
AT=14 °C is higher than other temperature differences. The power
value for AT=14 °C and t=32 s was 44.08 mW at most but AT=8 °C
and t=32s was 19.75 mW (Fig.2b).

e For low bubble, same temperature and same time,
sedimentation mud of power value is more than active mud power
value. For AT=10 °C and t=80 s, active mud power value was 11.1
mW, but sedimentation mud 23.55 mW (Fig.2(a-b)).

e Minimum power values were 10.11 mW and 19.6 mW for
active and sedimentation mud respectively with low bubble effect
(Fig.2(a-h)).

* For active mud and high bubble, the power values for AT=14
°C is higher than other temperature differences. The power value for
AT=14 °C and t=32 s was 28.36 mW at most but AT=8 °C and t=32s
was 10.88 mW (Fig.3a).

* For sedimentation mud and high bubble, the power values for
AT=14 °C is higher than other temperature differences. The power
value for AT=14 °C and t=32 s was 44.27 mW at most but AT=8 °C
and t=32s was 20.1 mW (Fig.3b).

e For high bubble, same temperature and same time,
sedimentation mud of power value is more than active mud power
value. For AT=10 °C and t=80 s, active mud power value was 13.29
mW, but sedimentation mud 32.87 mW (Fig.3(a-b)).

. Minimum power values were 10.26 mW and 19.86 mW
for active and sedimentation mud respectively with high bubble
effect (Fig.3(a-b)).

4, Conclusion

In this study, MFCs performances with active mud and
sedimentation mud were experimentally investigated and modeled
with fuzzy logic technique. In the experimental study, for
sedimentation mud, high bubble and low bubble, the maximum
power values determined as 45.5 mW and 43.9 mW; the minimum
power values determined as 19.28 mW and 19.6 mW respectively.
For active mud, high bubble and low bubble, the maximum power
values determined as 28.29 mW and 18.87 mW; the minimum
power values determined as 10.11 mW and 10.26 mW respectively.
For sedimentation mud, low and high bubble power values nearly
close. For AT=14 °C and t=32 s, the power value was 43.9 mW for
low bubble but for same time and AT, the power value was 45.5
mW for high bubble. For active mud, low and high bubble power
values were more different than other. For AT=14 °C and t=24 s, the
power value was 18.45 mW for low bubble but for same time and
AT, the power value was 28.36 mW for high bubble. Also, in this
study, fuzzy logic modeling used to evaluate performance of MFCs.
In the developed RBMTF system, outlet parameter power was
determined using inlet parameters AT, t and bubble effect. The
rules, which are used to detect the behavior of the fuzzy logic
controller and the relationship between system’s input and output,
are determined. As a result of these rules, every value obtained from
the experimental study is also determined by fuzzy logic too. The
comparison between fuzzy logic and experimental data is done
using statistical methods. The coefficient of multiple determination
(R2) is 98.79% for the all data. The actual values and fuzzy results
indicated that fuzzy logic modelling can be successfully used for the
specification MFCs performances.
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Abstract: In the present paper, the model of nanostructure formation on solid surface by microsecond laser pulses melting the material is
described. It is shown that typical size of surface nanostructure formed depends on laser wavelength, pulse energy, pulse repetition rate, and
pulse duration. Within present work a series of 6 experiments devoted to direct laser nanostructuring of titanium (Ti) and copper (Cu)
surfaces is carried out. Besides, the effects of nanoroughness on the contact and sliding angles on hydrophilic surfaces were studied

theoretically and experimentally.

Keywords: NANOROUGHNESS OF SURFACE, CONTACT ANGLE, NANOSTRUCTURED HYDROPHILIC SURFACE, LASER

IRRADIATION

1. Introduction

At the present time nanostructures are paid additional attention
for being an extremely promising object regarding its application in
different fields of science, technology and medicine. Surface
nanostructuring leads to improvement of nanotribological ([1]),
thermalphysic and thermodynamic ([2]), electron-emission ([3])
properties of materials, promotes rise of implants' biocompatibility
([4]-[6]) as well as leads to desired alteration of adhesive properties
([71-[9]) and wettability ([10], [11]).

One of the most promising ways of periodic and/or nonperiodic
nanostructure formation on implants' material surface, particularly
on titanium surface, providing the implants with the desired
adhesive and wettability properties, is direct laser nanostructuring
(see [12], [13] and respective references given in these) which uses
only a laser beam with no atomic-force microscope's ancillary
needle or masks in order to form surface nanorelief. The advantage
of this method consists in its simplicity and flexibility: (a) use of a
single laser beam of a small size allows to achieve a high locality of
exposure corresponding to the size (100x100 micrometer) of a
separate laser spot; (b) use of software-programmable laser beam
scanning on the implants' material surface with a high irradiation
pulse repetition frequency allows to nanostructure sufficiently large
surface areas within almost arbitrary boundaries with high spatial
resolution.

This work, which in some sense is a continuation of the work
[14], is devoted to formation of hydrophilic nanostructure on the
surface of a ball-shaped titanium head of the human hip joint
endoprosthesis using direct laser nanostructuring. The necessity of
hydrophilicity property of the implant surface is due to the fact that
the state of the surface of titanium implants plays a decisive role in
cell-cell adhesion, because the interaction between e biological
environment (hard and soft tissues, blood, body fluids and serum,
etc.) and the implant occurs on its surface, and the biological
response from the living tissue depends on a variety of surface
properties, such as chemical composition, purity, texture and
topography, surface energy, corrosion resistance, and the tendency
to denaturalization of surrounding proteins. In this work, following
the work [15], we will consider that a partially hydrophilic or
hydrophobic surface with respect to any fluid is such a solid surface
that for it the fluid gives a finite contact angle: if the contact angle
6 between a drop of the liquid and the solid surface varies in the

interval (o%) then this surface is called hydrophilic; if

ee(% ST”} then the surface is called hydrophobic; if
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96(5'?”,;;}, then the surface is classified as ultrahydrophobic;

with =0 and &=z we have correspondingly complete
wettability and complete nonwettability of the surface.
Models and

2. Scientific Basis: Mathematical

Design Formulas

2.1. Surface Energy, Surface Tension, and Surface Forces
near the Phase Interfaces

Within representation of continuous medium, while analyzing
two-phase systems, phase boundaries are interpreted as geometric
surfaces. However, real phase boundaries are thin transition layers
of a rather complicated structure. Molecules which form the
transition layer interact with the molecules of both adjacent phases,
that is why properties of transition layer differ from the properties
of substance in the phases. This is the reason why during
interpretation of phase boundaries there appear some
phenomenological properties. Correct description of microsurface
forces lies in the foundation of surface tension's and capillarity's
interpretation both in the old approach of Clairaut and Laplace and
in the new approach of Bakker ([16]-[18]), which is based on
introducing the pressure tensor in the interphase area. Description of
microsurface forces should begin with definition of interphase
energy on the surface of phase boundary of phases solid-liquid (and
also phases liquid-liquid, liquid-gas, solid-solid) and proceed with
definition of surface forces in the interphase area. It is known ([19])
that if both phases are fluid (liquid-liquid, liquid-gas), then their
phase boundary can be stretched or shrank not affecting the
thermodynamic equilibrium; if one phase is solid and the other is
liquid or gaseous, then surface of their phase boundary can
experience only elastic deformations, however some degree of
freedom appears if the liquid is able to slide on the sufficiently
smooth solid material (for example, like when quicksilver slides
down the glass; water slides on the paraffin surface; blood or body
fluids slide down the burnished surface of a titanium implant, etc.);
if both phases are solid, then behaviour of the phase boundary is
similar to the case solid-liquid, however the implementation of a
real phase contact is possible only with atomic smoothness or
requires plastic deformation, or prior melting, or evaporation and
condensation with subsequent crystallization. Only in the case,
when both phases are fluid, direct measurement of phase boundary
tension is possible. In the case, when both phases are solid, direct
measurement of phase boundary tension is achievable with some
approximation if and only if in some temperature region yield point
is lowered. In the case, when one phase is solid and the other is
gaseous, direct measurement of phase boundary tension is
impossible. The main mistakes made while measuring surface
energy in the process of formation of a new surface are: (a)



omission of irreversible part of fracture work, which turns into heat
or energy residual deformations; (b) omission of the fact that fresh
(that is, just created) surfaces are in nonequilibrium state with
higher energy — they appear to be covered by charge with density up
to 3.5.10“C-m™, that consumes part of the fracture work. The

special state of fresh surfaces is expressed not only by increased
energy, but also by a higher chemical activity. Relaxation down to
equilibrium state usually occurs for about ten minutes due to
electron emission and surface conduction.

Formation of a new phase boundary is conjugate with
consumption of work in order to move a part of molecules from the
phases to the surface layer. In isothermal conditions the work of
formation of phase surface's element dF is equal to increment of
Helmholtz energy dU. of the surface: dU. =o-dF, where o is
specific Helmholtz energy of the phase boundary, which decreases
as the temperature increases and at critical temperature T,

achieves the approximate value of zero (in steam-and-liquid
systems o =0, and the difference between the phases disappears).
The values of o for the surface of a solid body on a border with a
liquid are not identical to the corresponding coefficients of surface
tension ([20]). Accurate theoretical formulas for calculation of
liquids' surface tension coefficient do not exist. The main
methodological difficulty of calculation of surface tension is the
problem of ensuring solid surface purity, when it is in contact with a
liquid, as well as liquid's purity. There are some methods of
experimental calculation among which the most popular are ([21]):
maximum gas bubble pressure method; capillary rise method;
method of ring lifting; electromagnetic measurement methods; the
drop weight method; hanging drop method; lying bubble or drop
method. The simplest experimental method of determining the
empirical dependence of phase boundary's specific Helmholtz

energy on the temperature is the following relation obtained from
11

9
the theory of corresponding states ([22]): a:ao-[l—Lj ,

c.t.
where o, is determined by the experiments carried out with one

constant value of temperature. This formula has shown itself well

working for liquids with homonuclear molecules, however it can be

approximatively used also for the majority of other liquids. For

calculations of water's o it is recommended to use the following
1.256

interpolation formula: ¢ = 0,235[1_Lj [1_0.625M].

c.t. c.t.

2.2. Wetting Process

In the introduction we mentioned (following the work ([15]))
the contact angle of wetting & between a solid surface and a
tangent to the phase boundary gas-liquid. From the minimality
condition of surface's Helmholtz energy ([23], [24]) one can obtain
the  following  relation known as  Young's law:

—0,

- (ow
0=arccosme[ solid, gas
(o2

solid liquid ] It is important to note that the
contact angle is very sensitive to such difficult-to-control factors as
roughness of a solid surface or presence of foreign impurity on the
solid surface or in the liquid, particularly if this impurity is surface-
active, which, concentrating on the thermodynamic phase boundary,
cause surface tension lowering: for instance, R-OH alcohols; R-
COH aldehydes; R-COOH carboxylic acids; CH3-, C2H5-,
C17H35-, etc. hydrocarbon radicals; COH and COOH functional
groups; oleic acid C17H33COOH; stearic acid sodium
C17H35COONa; etc. Rise in the roughness of the solid surface
increases its wettability, that is, decreases the value of 4. For some
solid bodies participating in the phase solid-liquid in a certain
interval of temperature holds a dependence of the contact angle &
on the temperature ([25]). As it is shown in [25], almost always a
growth of temperature on a hydrophilic surface leads to
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improvement of wettability, that is, to diminution of the angle 6,
but on hydrophobic surfaces — to worsening of wettability, that is, to
growth of the angle 4. Also it is important to note (especially, if we
are speaking about implants) that the contact angle of wetting &
depends also on hysteresis of wetting — on the direction of wetting a
solid body surface by a liquid, that is, on the fact, whether the liquid
is flowing on the surface or down it.

2.3. The Phase Separation Surface's Equilibrium, and
Axisymmetric Equilibrium Separation Surfaces of Phases

If the liquid rests relative to the coordinate system related to
Earth, then in hydromechanics this rest is called absolute rest; if the
liquid rests relative to the coordinate system which moves with
uniform acceleration relative to Earth, then this rest is called
relative rest. For both absolute rest and relative rest Euler's

equations in the vector form hold: If—i»Vp:O, where F is
Yo

mass forces density vector, which, in the case of relative rest,

includes inertial forces; p is liquid density; p is liquid pressure.

Due to the fact that mass forces have potential in the majority of
cases, one can writt F =-V®, where @ is a force function.
Consequently,  Euler's  equation turns into  equation

V(I>+1-Vp:0, whose general integral for the cases, when
P

p=p(p), is the formula ®+Y =const, called the equation of

hydrostatics, where Y = J'd—p denotes pressure function. It should
P

be noted that, if the liquid is a heavy compressible liquid, then out
of all mass forces only gravitational force affects it, so the general
integral looks like @ =g-z+const, where z denotes the

coordinate which is counted vertically up. For a heavy compressible
liquid the general integral of Euler's equation has the form

z +i =const, and this

g-p
distribution of pressure. When a gas-liquid system is in the
equilibrium state, then in each contacting phase, firstly, the
equations of hydrostatics hold and, secondly, for every point on

phase boundary defined by a position vector r Laplace formula
p,— P, =2-0-H(F) is true, which means that on the boundary
between two fluid phases the surface tension causes a pressure jump
in the contacting phases, which is proportional to average curvature
H of the phase boundary. From these two relations (equation of
hydrostatics and Laplace formula) one can deduce the main
differential equation of hydrostatic equilibrium
2:0-H (F)=(Prquig — Pges ) @(F)+coNst, whose general integral
determines the shape of phase boundary. In the most practically
important  axial-symmetric problems on liquid there are:
homogeneous gravitational field with intensity g, directed along
vertical axis OZ; centrifugal force field caused by uniform rotation
of the gas-liquid system around the same axisOZ with angular
velocity @. In this case, the potential of mass forces has the form

formula represents hydrostatic

(D:g-z—%coz-dz, where d =/x*+y? is the distance to the
rotation axis. When the system rests, potential of mass forces is
determined by the formula ® =g-z, but the main equation of
hydrostatic equilibrium has the form:
2-0-H(z):§~g-(pﬁqmd—pgas)-z+2~o-H(O), where the term
2-0-H (O) represents the pressure jump on some “zero" level;
6 =+1 in the case, when the vertical axis OZ is pointed up (and

the gravitational field is pointed down), and & =-1 in the case,
when the vertical axis OZ is pointed down. For a resting system



with a characteristic size L, it is possible to use the main
equation of hydrostatic equilibrium in order to obtain the scale of
gravitational forces f, . [ g -(pﬁquid —Pgas)' L, 4 and the scale of

o

surface tension forces f_, [ . Then Bond number Bo, which

ch.d.
is the criterion of similarity in hydrodynamics and determines
relation between external forces (usually, gravity) and surface

tension forces has the following form:
f 2

Bo=—2"—-g .(p” o =P %)ﬂ The condition Bo=1
f d ¢ o

st

determines linear size of the region, where gravitational forces and

%
g '(pliquid _pgas)

quantity L, , is called capillary constant. For the majority of

surface tension forces are equal: L . The

find, —

liquids with p p,, (p,, Iis critical pressure), that is, in Earth
conditions, the value of capillary constant varies within 1+3 mm.
Obviously, if one divides the equation of hydrostatic equilibrium
2-0-H(2)=5-g-(p“qum—Pgas)~z+2-o-H(O) by the quantity

\/g.g.(p“quid—pgas), then it tumns into the following

dimensionless form: 2.H(z)=6-2+C, where H=L,, -H,

o z
.=

, C=2-H (O) Llin.d.'

lin.d.
2.4. Melting Process

At sufficient energy density, duration and order of a laser pulse
melting of solid body's surface occurs — in our case, of ball-shaped
titanium head of the human hip joint endoprosthesis. When the laser
pulse irradiation stops, the process of cooling the processed surface
starts and is carried out by the means of heat removal deep into the
solid phase and subsequent solidification of the surface layer. It is
supposed that the power of laser irradiation is such that phase
transition  solid-liqguid  occurs.  Then, with  appropriate

approximation, temperature fields in the liquid T, (x,t) and solid

Toia (x,t) phases can be described by following boundary value

problem ([13], [26], [27]):

i (X1 0T (Xt
%():aﬁquid-%(),0<x<y(t), )
T (Xt 0T (X1
%:aﬁmd-%, y(t)<x<o, )
Tooia (X,t)L:O = Torig (X,t) e =Ty, ®)
oQ(t OTuia (X1

Q@i ) + ﬂ1iquid — (;X( )I =0, (C)]

x=0
Tiquia (X-t) x=y(t) = Toia (th) x=y(t) =T, ®)
aTi ui X’t ' aTsoi X't
ﬁliquid %() =H Py (t) + ;Lsolid % . (6)
X x=y(t) X x=y(t)

where y(t) is the moving boundary of the phase transition; Q( t)
is the absorbed energy per surface unit for the time t[ z, where
r denotes the duration of a laser pulse; a:i is thermal

c-p
diffusivity, where A, ¢ and p denote correspondingly thermal
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conductivity, specific heat and density of a metal
(aSDIid ’lsolid ’Csolid ’psolid ) or IIqUId (aliquid ’j1iquid lCquuid ’pliquid )' TO and
T, denote correspondingly initial temperature of the solid body and

the temperature of the phase transition; H is latent melting heat,
which is absorbed on the moving phase boundary. Supposing that
the temperature of the metal surface processed by laser pulse

achieves phase transition point during the time t,[J 7 and the

temperature of liquid phase varies slightly during further process
t,<t<z, we can replace the boundary condition (4) by the
following more simple condition:

Tiquia (X-t)L:O =T, = Tiiqig (X, T)L:O >T, @

where T, is a temperature of molten metal on the surface that can

be defined by heat balance equation. Combining (1)-(3), (5) and (7)
we can write that

erf [Z’B]
\/ Qi
T2 = Tl + I';z d x
- B
2'Cliquid 'p'«/a“quid |1-e 2 -erfc[
Y 2 Agig

x{[\/f.Q(,)_\/ﬁ.H.pw"d.ﬂJ.erfC[\/Zim]_

—2-Cyyig * Prolia '(T1 -Ty )}v ®)

y(r)
where Q(T) =H.p- y(7)+ j Cosiid * Psolid '(T1 _To)dx
0

¥(7) ®

+ J Ciiquid 'p'(Tliquid —T1)dX+ .[ Cooiid * Psolid '(Tsolid _To)dX; )
0 y(7)

parameter S can be found from the following transcendental

equation:

2-\/Ec‘ (T, =T, 2
ﬂ-p()=\/§~H-p-ﬂ~[e_f‘a—2]+Q(1). (10)
T

erfc(\/ﬁ_a)

The formulas (8)-(10) allow us to calculate melting depth of
different solid materials irradiated by laser pulses of various
duration and energy.

As it has already been mentioned above, under the influence of
laser irradiation high temperature stress occurs in the metals.
Deformation process in these conditions is followed by residual
deformation, whose appearance is related to nonelastic effects and
reorganization of crystal's defect structure. Stress' relaxation can
have heterogeneous character due to formation of new structure
zones called relaxation zones ([32]) in the old excited structure.
Depending on the state of the system, on the conditions of external
influence, on the degree of process development it may occur that
relaxation zones can be centers of a new phase, groups of
dislocations and disclinations, microcracks, clusters of atoms and
vacancies forming clusters, micropore, dislocation loops, etc. One
can imagine the deforming as three simultaneously coexistent

phases: relaxation field determined by the parameter qoiyj(r,t),

stress field o | (r,t) corresponding to external load and relaxation

zones with concentration n(r,t).

Temporary dependence



¢, (r.t), o, (r,t) and n(r.t) is defined by the following system
of nonlinear differential equations:

G =K@ ;+0.-N

Y, A

n:_y-n+—¢"' - (11)
9,

d-i,j :V'(Gi.k_o'o)_gs'(”i.j'n’

where parameters x, y, Vv, 0, (i :]3) are material constant;

quantity o, is determined by the applied external loads and
corresponds to the residual stress set as the result of relaxation.

In the system (11) the term —x -, is the decay of the
relaxation process; the term —y-n describes disintegration of the

formed relaxation zones; the term V'(Ui,k —00) describes the stress

relaxation in linear approximation, when their interference is
absent; the term g, -n is related to relaxation field generation due to

O -
P %k takes into account
9,

the influence of the relaxation field ¢, ,(r,t) and stress field

formation of relaxation zones; the term

oy ; (r,t) on the generation of relaxation zones; the term g;-¢, , -n

is caused by the influence of the relaxation field and relaxation
zones on the speed of stress relaxation. As the speed of alteration of
the relaxation field is much lower than the speed of the processes
atomic relaxation described by the constants » and v, in (7) one

can use adiabatic elimination of variables. Taking into account
possible spatial fluctuations whose role grows as temperature and
external loads grow, we get the following Kinetic equation for
relaxation parameter:

9., =Ap —Bg’ +DAg, |, (12)
where A= i{go _M. Kj; B= g1 -Zga . 3-0 : D is
gZ .}/ gl gz 7/ %

diffusion coefficient of atoms in a warmed-up zone. If we take into
account diffusion's dispersion, then equation (12) will turn into

Ginzburg-Landau generalized equation ([33], [34]). For
O'0<UC=M~K‘ equation (12) has one stable solution
9

@,;(r,t)=0; if exceeding of the critical value o, >0, occurs,

new coherent states of the system are realized with spatial
periodicity, whose period can be calculated using the formula
P = %7%, /ﬂ Using the kinetic equation from the theory of
2-7-0, %
surface nucleation ([2], [28]-[30]) as well as variational principle
for the main laws of thermal conduction, one can obtain ([31]) the
following closed formula for characteristic size-radius of a
crystalline phase nucleus in a supercooled liquid:
.6 +h)-e-

(S LI S
U-¢ [U+h U+h

v
F(t)=v,-d-e T

e KT (11)

where v, is Debye oscillation frequency of atoms in a supercooled

liquid; U is the activation energy for atom movement; k-T is
thermal energy; d is characteristic size for a single atom; h is the
heat of phase transformation for one atom; & is the average speed

of melt cooling. Using the formula (11) one can precisely estimate
characteristic size-radius of a crystalline phase nucleus, that is, the
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size of nanostructures appearing on the surface of the processing
solid body, while it is melting under laser pulse irradiation.

3. Experimental Facility, Experiments and Results

Within present work we have carried out a series of 6
experiments devoted to direct laser nanostructuring of titanium (Ti)
and copper (Cu) surface. All the processed samples had the same
sizes: LxW xH =5x3x0.1 mm. Samples' surfaces had 14th

surface finish class. Samples were placed in a laser facility chamber
Nd*":YAG crystal and were irradiated in a motionless laser beam.
For a detailed analysis of the irradiated samples' profiles we used a
desktop scanning electron microscope Hitachi TM3030 with low
vacuum regime, which allows to carry out the experiments without
sample preparation and to investigate samples without prior metal
deposition; controlled by a simple and understandable interface with
the functions of automatic focus, contrast and brightness setting;
equipped with two detectors — of secondary and reflected electrons,
— owing to which it is possible to get comprehensive information
about the surface of the investigated samples. Laser facility
Nd**:YAG crystal, which was used in order to carry out a series of
experiments devoted to direct laser nanostructuring of surfaces of 4
titanium and 2 copper samples, has the following capabilities: laser
wavelength: 532 nm; maximum pulse energy: 0.15 J; pulse
repetition rate: 10 Hz; initial pulse duration: 5+9 ns; pulse duration:
5+400 ps. After repeated irradiation with one beam of microsecond
Nd**:YAG crystal-laser formation of nanosized structures on the
copper and titanium surfaces was noticed. Laser irradiation intensity
was maximal in the center of the irradiation spot and was going
down closer to its periphery. After repeated pulse action on one
surface patch a deep crater appeared in the spot's center. However,
on the periphery, where the laser irradiation intensity was lower,
one could notice only some surface melting. Using SEM-analysis
(that is, using scanning electron microscopy with X-ray
spectrometry microanalysis) no submicrometer structures were
detected in the central high-intensity part of the spot. However,
formation of nanorelief was detected in the peripheral part of the
irradiation zone. For all 6 samples we detected roughness of
characteristic size along the surface on the surface in the peripheral
low-intensity region of the spot as well as small-scale roughness in
the form of saliences put over the surface. Round shape of the
obtained nanoreliefs implies the surface being molten by the laser
irradiation and subsequent crystallization with formation of the
above mentioned submicrometer structures. Taking into account the
possibility of slight material melting, we can consider a surface
under thermal flow of pulsed laser irradiation which causes phase
transition solid-liquid.

3.1. Experiment 1

In this experiment copper foil was taken as a sample, and for its
laser processing the following characteristics of microsecond laser
facility Nd*":YAG crystal were chosen: laser wavelength (LW): 532
nm; pulse energy (PE): 0.14 J; pulse repetition rate (PRR): 10 Hz;
pulse duration (PD): 130 ps. Results of a single pulse action on this
sample are shown on the Fig.1. The obtained nanostructured surface
has a good hydrophilic property: water was used as the liquid.

TM3030_0399
Copper

201707006 1321 N 30 um

Fig. 1 Nanostructured copper surface (one-time processing) with a
good hydrophilic property. PE=0.14 J; PD=130 ps.



3.2. Experiment 2

In this experiment copper foil was again taken as a sample, and
for its laser processing the following characteristics of microsecond
laser facility Nd**:YAG crystal were chosen: laser wavelength: 532
nm; pulse energy: 0.14 J; pulse repetition rate: 10 Hz; pulse
duration: 130 ps. Results of a twofold pulse action on this sample
are shown on the Fig.2. The obtained nanostructured surface has a
much worse hydrophilic property: water was used as the liquid.

20170706 1340 N

TM3030_0404
Copper

Fig. 2 Nanostructured copper surface (twofold processing) with a bad
hydrophilic property. PE=0.14 J; PD=130 ps.

3.3. Experiment 3

In this experiment titanium foil was taken as a sample, and for
its laser processing the following characteristics of microsecond
laser facility Nd**:YAG crystal were chosen: laser wavelength: 532
nm; pulse energy: 0.15 J; pulse repetition rate: 10 Hz; pulse
duration: 100 ps. Results of a single pulse action on this sample are
shown on the Fig.3. The obtained nanostructured surface has a very
good hydrophilic property: both water and physiological solution
0.9% NaCl were used as the liquid.

2017/08/03 1324 N

»
TM3030_0415
Titan

Fig. 3 Nanostructured titanium surface (one-time processing) with a
very good hydrophilic property. PE=0.15 J; PD=100 ps.

3.4. Experiment 4

In this experiment titanium foil was again taken as a sample,
and for its laser processing the following characteristics of
microsecond laser facility Nd**:YAG crystal were chosen: laser
wavelength: 532 nm; pulse energy: 0.15 J; pulse repetition rate: 10
Hz; pulse duration: 130 us. Results of a single pulse action on this
sample are shown on the Fig.4. The obtained nanostructured surface
has a good hydrophilic property, however it is slightly worse, than
in the results of the third experiment: both water and physiological
solution 0.9% NaCl were used as the liquid.

TM3030_0425
Titan

2017/08/14  10:42 N 30 um

Fig. 4 Nanostructured titanium surface (one-time processing) with a
good hydrophilic property. PE=0.15 J; PD=130 ps.
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3.4. Experiment 5

In this experiment titanium foil was again taken as a sample,
and for its laser processing the following characteristics of
microsecond laser facility Nd**:YAG crystal were chosen: laser
wavelength: 532 nm; pulse energy: 0.15 J; pulse repetition rate: 10
Hz; pulse duration: 85 ps. The processing was implemented by the
stripes with use of a lens for focusing of laser beam. Results of a
single pulse action on this sample are shown on the Fig.5. The
obtained nanostructured surface has the following hydrophilic
property: the liquid (water and physiological solution 0.9% NaCl)
flows only in one direction.

TM3030_0426
Titan

201710814 1053 N

Fig. 5 Nanostructured titanium surface (one-time processing with a lens
for focusing of a laser beam): the liquid flows only in one direction.
PE=0.15 J; PD=85 ps.

3.4. Experiment 6

In this experiment titanium foil was again taken as a sample,
and for its laser processing the following characteristics of
microsecond laser facility Nd*:YAG crystal were chosen: laser
wavelength: 532 nm; pulse energy: 0.15 J; pulse repetition rate: 10
Hz; pulse duration: 300 us. Results of a single pulse action on this
sample are shown on the Fig.6. The obtained nanostructured surface
has a very good hydrophilic property: both water and physiological
solution 0.9% NaCl were used as the liquid.

TM3030_0430
Titan

20170814 1103 N

20 um

Fig. 6 Nanostructured titanium surface (one-time processing) with a
very good hydrophilic property. PE=0.15 J; PD=300 ps.
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STRUCTURE, MECHANICAL PROPERTIES AND CORROSION RESISTANCE
OF MAGNESIUM ALLOY WE43 AFTER EQUAL-CHANNEL ANGULAR PRESSING

CTPYKTYPA, MEXAHUYECKHWE CBOVMICTBA U KOPPO3MOHHA I CTOMKOCTh MATHHUEBOTO
CIINIABA WEA43 ITOCJIE PABHOKAHAJIBHOI'O YI'JIOBOI'O IIPECCOBAHUA
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Abstract: ECAP was conducted using route B¢ with an angle of 120° between the die channels and a stepwise decrease of temperature from
the initial 425 °C to 300 °C at the final, 12" pass. The cumulative equivalent strain the ECAP billets underwent was about 7.8. The structure
examination showed that ultrafine-grained structure with the grain size of 0.69 — I um was formed during ECAP process. In addition,
particles of the phase Mg;,Nd with an average size of 0.45 um were formed. The refinement of the microstructure resulted in an improvement
of the mechanical properties of the alloy. After ECAP, the strength characteristics of the alloy increased to the levels of ultimate tensile
strength of 300 and yield strength of 260 MPa to be compared to those for the initial state (220 MPa and150 MPa, respectively). At the same
time, the ductility increased to 13.2 %, which compares favourably with the initial value of 10.5 %. The ECAP process does not affect the
resistance to electrochemical corrosion. The rate of chemical corrosion was found to be reduced owing to the ECAP processing.
KEYWORDS: MAGNESIUM ALLOYS, SEVERE PLASTIC DEFORMATION, EQUAL CHANNEL ANGULAR PRESSING, ULTRAFINE

GRAINED STRUCTURE, MECHANICAL PROPERTIES, CORROSION RESISTANCE

1. Introduction

The magnesium alloy WE43 (Mg-4%Y-3%(Nd+RE)-0.5%Zr) is a
high-strength casting alloy, which finds successful applications in
the aerospace and automotive industries. It is also a promising
material for medical application due to its good biocompatibility [1,
2]. However, modification of the alloy is necessary for the
successful use of the alloy by improving the strength characteristics,
as well as corrosion resistance. There are a number of works
devoted to severe plastic deformation (SPD) of WE43 alloy [3-14],
including equal-channel angular pressing (ECAP) [15-17]. They
demonstrated that the use of SPD process allows to refine the grain
up to 30 nm [14], resulting in substantial hardening of the alloy. In
addition, it was shown in [18, 19] that ultrafine-grained (UFG) and
nano structure makes it possible to improve the corrosion resistance
of magnesium alloys. Based on this, it can be concluded that the
SPD is a promising treatment for increasing both strength and
corrosion resistance. Therefore, the purpose of this work was to
study the structure, mechanical properties and corrosion resistance
of the magnesium WE43 alloy after equal-channel angular pressing.

2. Materials and Methods

In this paper we used a commercial WE43 (Mg-4%Y-3%(Nd+RE)-
0.5%Zr, wt.%) alloy. As an initial state, the ingot was homogenized
at 525 °C for 8 hours. The samples of cylindrical shape with a
diameter of 10 mm and a height of 80 mm were cut from the
obtained rod for ECAP. Route Bc ECAP was conducted using a die
with an angle of 120° between the channels for two regimes with
different temperatures of beginning and finishing of treatment. For
regime 1, the deformation temperature was reduced from 400 °C to
350 °C in increments of 50 °C. The alloy was deformed into 6
passes at each temperature. In case of the second regime the
temperature was reduced from 425 °C to 300 °C in increments of
25 °C. The alloy was deformed into 2 passes at each temperature.
The total number of passes was 12 for both regimes (Fig. 1), which
corresponds to a true strain equal of 7.8. The microstructure was
examined using an optical microscope Reichert MeF and a
transmission electron microscope (TEM) JEM 1400 operating at
120 kV. Samples for TEM analysis after ECAP were cut in the
longitudinal direction and then thinned to 150 pm. Further, the foil
was subjected to electrolytic etching in an electrolyte consisting of
75% CH;COOH and 25% HNO; at -35 °C using a Struers TenuPol-
5 jet grinder.
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Regime 1 J
400°C 350°C
N=6 N=6
Regime 2 J
£25°C 400°C 375°C 350°C 325°C | 300°C |
N=2 N=2 N=2 N=12 N=2 N=2

A

Fig. 1. Deformation scheme of the alloy during ECAP process.

The evaluation of mechanical properties was carried out by
performing uniaxial tension tests at room temperature. The tests
were carried out on an Instron1096 test machine at a strain rate of
1.5 mm/min on samples with a working length | equal to 15 mm and
a working diameter d equal to 3 mm.

Corrosion resistance was evaluated by the potentiodynamic
polarization, weight loss and hydrogen evolution methods in a 0.9%
NaCl solution (pH = 7). All electrochemical tests were carried by
VMP potentiostat controlled by EC-Lab software (Bio-logic). The
setups were using PAR flat cell which has a “three electrode
configurations” (working electrode, saturated calomel reference
electrode and Pt-mesh counter electrode). Previously, the material
was subjected to mechanical grinding on abrasive paper with
gradually decreasing granularity (from P800 to P2500). Scanning
was performed with a scan rate equal to 1 mV per second in the
range from 100 mV below the open circuit potential (OCP) to -1000
mV. The dwell time prior to the commencement of the scan, which
is necessary that the surface to form an electrical double layer
(EDL) and associated redistribution of species in the electrolyte was
10 minutes [20]. The number of scan repetitions was 5 for each test
sample. Before each scan, the sample was repolished. The weight
loss and hydrogen evolution tests were carried out in a 0.9% NaCl
solution (pH = 7) at room temperature and 37 °C [20, 21]. The test
duration was 1 day for both methods of corrosion resistance
assessment. Samples after weight loss tests were washed in a
cleaning solution consisting of 200g Cr,Oz; 10g AgNO; 20g
Ba(NOs), and distilled water to make 1 liter of solution for 1 minute
to remove corrosion products, and then weighed on an electronic
balance GR 200. Calculation of the corrosion rate was performed
according to ASTM G1 (Standard Practice for Preparing, Cleaning,
and Evaluation Corrosion Test Specimens).
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3. Results and Discussion

There are equiaxed grains of a supersaturated magnesium solid
solution of 70 um in the alloy after homogenization at 525 °C and
subsequent cooling in air. An ultrafine-grained structure with the
average grain size of 1.00 + 0.14 um for regime 1 and 0.69 + 0.13
um for regime 2 is formed during the ECAP (Fig. 1). The
occurrence of high-angle boundaries is confirmed by ring-like
electron diffraction patterns with a number of point reflexes.
Furthermore, the particles of the equilibrium Mg;,Nd phase of 0.41
4+ 0.18 pm and 0.45 + 0.18 um in size were observed in both cases
(for regimes 1 and 2, respectively). It was shown in [14] that the
HPT process accelerates the decomposition of a supersaturated
magnesium solid solution, by forming a larger number of defects
that act as a substrate for nucleation of particles. It should be noted
that a similar effect appeared in case of ECAP, since the
decomposition of the supersaturated magnesium solid solution
occurred already during deformation and heating process of the
treatment. It is also worth noting that we observed the deformation
twins in the structure after ECAP in case regime 2 (Fig. 2 d). The
smaller grain and the existence of twins in the structure of the alloy
after deformation by regime 2 can be probably caused by the lesser
end temperature of deformation compared with regime 1.

(d)
Fig. 2. Microstructure of WE43 alloy in initial state (a) and
after ECAP for regime 1 (b) and regime 2 (c, d).

The refinement of the structure during ECAP process leads to
strengthening of the WEA43 alloy. For regime 1, the values of the
yield strength increases up to YS = 180 MPa and the ultimate
tensile strength — up to UTS = 250MPa compared with the initial
state (150 MPa and 220MPa, respectively) with a slight decrease in
ductility from 10.5 to 7%. However, the increase in ductility up to
13.2% occurs along with an increase in the ultimate tensile strength
and the yield strength up to 300 and 260 MPa, respectively, for
regime 2 (Tab. 1).

The high level of strength in case of regime 2 can apparently be
explained by a more dispersed structure and also by the existence of
deformation twins in the structure.

Table 1. Mechanical properties of WE43 alloy in the initial state
and after ECAP treatment

Treatment UTS, MPa YS, MPa EL, %
Initial state 220 150 105
ECAP Regime 1 250 180 7.0
ECAP Regime 2 300 260 13.2
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Fig. 3 and Table 2 demonstrate the results of potential dynamic
polarization tests. The obtained results showed that deformation by
ECAP practically does not influence on the resistance to
electrochemical corrosion of WE43 alloy. For regime 1, the
potential of corrosion remains equal within the error to the
corrosion potential in initial state (-1622 + 19 mV and -1630 + 34
mV, respectively). In case of regime 2, a slight decrease occurs to
the value of -1686 + 8 mV. The values of the corrosion current
density, corresponding rate of corrosion, are the same within
experimental error for all three states of the alloy (21.30 + 4.50
pumA/cm?, 16.18 + 3.14 pmA/cm? and 21.81 + 6.50 pmA/cm? for
initial state, ECAP regime 1 and ECAP regime 2, respectively).

Fig. 3.
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Table 2. Results of PDP tests of the WE43 alloy in the initial state
and after ECAP treatment

Treatment Ecorr, mVgce jcor, LMA/Cm?
Initial state -1630 + 34 21.30 £4.50
ECAP Regime 1 -1622 +19 16.18 £ 3.14
ECAP Regime 2 -1686 + 8 21.81 £6.50

At the same time, the study of resistance to chemical corrosion
revealed an improvement in corrosion resistance after ECAP. Fig. 4
shows the results of measuring the corrosion rate by weight loss
(WL) and hydrogen evolution (HE) methods at room temperature
and 37 °C. It can be seen that the corrosion rate after ECAP for both
regimes is lower than the corrosion rate in the initial state, both for
tests at room temperature and 37 °C. Laws of weight loss rate
change and evolving of hydrogen are similar and identical to the
experimental errors (Table 3). Increasing of the test temperature to
37 °C does not significantly affect the corrosion rate, but increases
within the experimental error. Only samples processed by ECAP for
regime 2, which demonstrate significant growth both the rate of
degradation and the rate of evolution of hydrogen, and samples in
the initial state, whose hydrogen evolution rate also increases, are
the exception. Probably, the higher corrosion rate after the second
regime of ECAP compared with the first regime ECAP is caused by
the existence of deformation twins in the structure, which can have
a negative effect on the corrosion resistance of the alloy.
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Table 3. Results of weight loss and hydrogen evolution tests of the
WEA43 alloy in the initial state and after ECAP treatment

25°C 37°C
Treatment WL, HE, WL, HE,
mg/cm®*day | ml/cm**day | mg/cm**day | ml/cm**day
Initial
S?;téa 0.93+0.20 | 0.87+0.21 | 1.09+0.24 | 1.34+0.26
ECAP
Regime 1 0.40+0.17 | 0.38x0.04 | 0.56+0.09 | 0.60+0.04
ECAP
Regime 2 0.52+0.09 | 0.37+0.16 | 0.87+0.08 | 0.95+0.07

The increase in corrosion resistance after deformation is apparently
associated with a decrease in grain size caused by ECAP. The grain
refinement affects the surface roughness parameters, which, in turn,
affect the rate of degradation of the alloy.

4. Conclusions

1. ECAP leads to a significant refinement of the structure of the
magnesium WE43 alloy. During the deformation process an UFG
structure is formed with an average grain size of 0.69 - 1 um, as
well as Mg;,Nd phase particles with an average size of
0.41 - 0.45 pm.

2. The grain refinement during ECAP results in increasing of the
ultimate tensile strength of WE43 alloy up to 300 MPa while the
ductility increases up to 13.2%.

3. ECAP does not impair the resistance to electrochemical
corrosion.

4. The corrosion rate, measured by the weight loss and hydrogen
evolution methods, is reduced for both deformation regimes for
tests both at room temperature and at 37 °C.
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MECHANICAL PROPERTIES OF STEELS WITH DIFFUSIONAL ZINC COATING
OBTAINED BY NANOGALVANIZING PROCESS
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Abstract: Investigations of wear resistance and tensile strength of steel products with diffusional zinc coating obtained in zinc powders
with a nanocrystallized surface of powder particles were carried out. The effect of the structural state of the coating on the wear resistance
and adhesive grasping with a steel counterbody was established. The prospects of the nanogalvanizing process to improve the strength of
steel products are shown.

The development of technologies in modern machine building aims at improving the mechanical and technological properties of the
materials. The present study presents an improvement in the mechanical properties of low carbon steels by thermoffusion coatings with
nanofibers obtained under different heat treatment regimes. Depending on the type of heat treatment and the size of the zinc particles,
different gradient layers can be obtained in depth. This of course reflects positively on the chemical resistance of the material. In addition,
it positively affects the mechanical properties of the material by increasing mechanical strength and technological properties by improving
the resistance to plastic deformation. With these first studies, there is an impetus for another look to improve the properties of low-carbon
steels that are widely applicable in the field of machine building.

KEY WORDS: THERMODIFFUSION COITING, MECHANICAL TEST, VICKERS HARDNESS, MICROSTRUCTURE, TRIBOLOGY,
SCRATCH TEST, WEAR RESISTANCE

1. Introduction Table 1. Chemical composition of carbon steel of ordinary

quality
Wide application in mechanical and precision engineering Steel Content of the elements % :
is found in low-carbon steels. In spite of many research and brand ¢ Imnl si_[ F s_[cr [ Ni [ Cu
15 - p y Steel 1| 0.08 | 0.35 | 0.08L | 0.085 | 0.012 | 0.17 | 0.21 | 0.26

knowledge, solutions are sought to improve their technological
and mechanical properties [1, 2, 3]. Technologies have been
developing at an intensive tempus in recent years, enabling
materials to be improved and chemical properties guaranteed.
This reflects on the price of the product, and different quality
grades are sold on the market. Nonetheless, non-standard
solutions are sought for the improvement of some technological
parameters through additional technological processes
thermal treatment, plastic processing, coating or their
combination. The present study aims to improve the mechanical
properties of low-carbon steels by thermoffusion coatings with
nanoparticles obtained under certain heat treatment regimes.
This treatment will improve the chemical resistance of the
material and its technological workability in the deformation
process with reduced frictional forces.
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] Fig.1. Temperature regimes of processing
2. Experimental procedure
The third processing mode in the initial stage coincides with
mode 1 i.e. heating to 430 °C and holding for 15 minutes, after

which the relaxation mode was realized at 400 °C for 15

For the purpose of the study, three modes of
thermodiffusion galvanizing on low-carbon steel were

performed (Table 1). The first mode is heated to a temperature
of 430 °C and a retention time of 15 minutes (Figure 1). At the
same time, it is covered with a surface of zinc dust. In the
process, the samples are cooled by sneaking to 150 °C and then
to air. In the second mode, the heating temperature is lower and
does not exceed 340 °C and retention for 15 minutes. Then the
temperature rises to 370 °C over a retention time of 15 minutes,
at the end of the mode, the samples are cooled down to 150 °C
and then to air.
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minutes. At the end of the mode, the samples are kept in the
heat chamber to a temperature of 150 °C, and then cooled to a
sigh.

For the determination of the mechanical properties of one-
dimensional uniform tension before and after thermodiffusion
galvanizing of the steel, three test pieces of each mode
according to the standard BDS EN 10002-1 (fig.1) are made.
The initial working sizes of the samples are assumed to have a
width by = 20 mm, an initial computational base length L, = 100
mm with a material thickness t, = 1.5 mm and a total length Lc
=200 mm. The test was carried out on a universal test machine
"Instron 3384" at a constant load speed of 5 mm / min (Fig.2.c).



For each test sample, an initial width of by and a thickness t,
with a micrometer with an accuracy of 0.01 mm shall be
measured. Measured values are entered in the developed
method as a correction for correct recalculation. It is also
envisaged to introduce the change of by and L, after the test b,
and Ly in the developed method for correct calculation of the
mechanical characteristics.

II b) Elc)

Fig.2. Mechanical tests for one-dimensional stretchin (a) test
pieces made to the standard; (b) fabricated test pieces and after
thermodiffusion galvanizing and (c) testing of test bodies

2041
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Hardness measurement was performed using the Vickers
micrograph method with a load of 50 g according to 1SO 6507-
1 on the sample width in a condition of delivery and after
thermodiffusion galvanization. The hardness was also measured
in cross-section in the surface zinc layer area and in the
diffusion zone.

A metallographic analysis was carried out by means of a
NEOPHOT 21 microscope with a microstore attachment to a
metallographic microscope.

3. Experiment results and discussion

The tested one-dimensional uniform tension test bodies in a
delivery condition were processed and analyzed. They are also
processed for each thermodiffusion galvanized mode. From the
analysis it was found that the material in the delivery condition
was heat treated (a strong pronounced yielding site) to remove
the residual plastic deformation (Fig.3a Substrate). The
mechanical strength deviation for the three test bodies is within
a narrow range of 335.33 to 338.12 MPa, and the true strength
is 561 MPa (Fig. 3b Substrate) and the true elongation does not
exceed 31%. This result shows that the material is
homogeneous and can be used for this study. After
thermodiffusion galvanization the upper yield strength is shifted
to higher values (Fig. 3a Regime 1, 2 and 3). This effect is
atypical in thermal treatment. This phenomenon may be due to
a surface zinc layer obtained and a low carbon steel depth
diffusion zone formed of zinc-based intermetallic compounds.
Samples treated by thermo-diffusion galvanization in Mode 2
show the highest yield limit of 347.67 MPa (Fig. 3a Regime 2)
reaching the maximum material strength in its plated area of
353.33 MPa. Mechanical strength is highest at Mode 3 and
reaches 355.67 MPa despite the lower yield strength. This is
due to the thermo-diffusion galvanization mode, resulting in
structural changes in the surface and depth in the base material.
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Fig.3. Mechanical characteristics (a) primary indicator
diagrams; (b) a diagram of true strains and true deformations

The true strength of the true deformation after
thermodiffusion galvanization is increased (Fig. 3b). The
biggest change was found in mode 3 with 7.69% where the true
strength reaches 604.11 MP relative to the blank. For the other
two modes, the change is less, and for real mode 2, the true
strength has increased by 7.44%, ie. 602,69 MPa, and for mode
2 the change is the smallest - the true strength has increased by
2,92%, i.e. 577.32 MPa compared to the delivery material. In
this mode of thermodiffusion galvanizing, another positive
effect associated with the preservation of the plasticity and the
slight increase of the real plasticity in Mode 2 mode 3 was
established, despite the effect of stiffening. The change in
plasticity is up to 2.3%, ie. The true plasticity does not exceed
32.4% for the selected thermodiffusion galvanizing option.

In order to confirm the results obtained and to clarify the
reasons for increasing the mechanical strength after
thermodiffusion galvanization, a microstructural analysis of the
steel surface was carried out under the condition of delivery and
in Mode 3.

The metallographic images (Fig. 4a) show the presence of
ferrite and cementite in the base material, the structure being
well homogenized [4]. The material was heat treated at delivery
as found by the one-dimensional uniform tension. The measured
hardness of the material upon delivery on the surface is in the
range of 132-144 HV0.05 (Fig.4.b), and after thermodiffusion
galvanization the measured zinc surface hardness of the surface
reaches 180-182 HV0.05, Surface hardness increased by
31.16%.



Flg 4. Mlcrostructure of steel (a) on the surface at an increase
of 125%; (b) Measured Vickers load on the surface at delivery
rate 500x

The increased mechanical strength after thermodiffusion
galvanization is also due to the formed diffusion layer, which
consists of zinc-based intermetallic compounds. Figure 5 shows
a microstructural cross-section of the zinc coating and a
diffusion layer formed on the base material of the substrate. The
average thickness of the zinc coating at mode 3 is in the range
of 80-90 um and the depth of the diffusion layer is within the
range of 90-105 um.

0,090 mm

0,095 mm

Fig.5. Th|ckness of the zinc cdat]ng at 125x 'magmflcatlon

For the variation of the hardness from the surface to the
parent metal, a series of measurements are shown in Figure 6
with a magnification of 125x. An increased hardness in the zinc
layer has been found which varies widely from 333 to 396
HV0.05 (Fig.6-500x magnification). These differences in this
layer are due to the different phases created in the stair-building
process.

Flg 6 Mlcrohardness of the zmc coatmg

The measured hardness at the top of the diffusion
zone (Fig. 6) is 184 HV0.05 and is higher than the
surface oxide layer (Fig.4.b), as with the increase of
the depth the hardness decreases and reaches values
135-140 HV0.05. This diffusion zone contributes to

improving the mechanical strength of the surface as
well as the better bond between zinc-coated metal.
This will also improve corrosion resistance during the
operation.

Wear behavior of diffusional coatings were studied as well.
Steel samples with coatings of various thicknesses in the 30-90
um range were tested according to ASTM G 65-94. Only 3-
phase FeZn,.,, was detected on the surface of al samples. The
results show that the wear of the coatings is irregular (Fig. 7).
The highest wear rates are observed for coatings with large
thickness at the beginning of the test. Also, a sharp increase in
the wear rate is observed at the moment of crossing the phase
boundary 6 / 6 + I' in the coating. The lowest wear rates are
obtained for coatings up to 30 pum thick characterized by smooth
profiles of the chemical and phase composition.
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Fig.7. Zinc content (weight %) and wear rate as functions of

coating’s thickness

Microscopic inspection of the steel counterbody after test
show that the transfer of the iron-zinc phases from the thick
(d>30 um) coatings on the surface of the counterbody occurs
(Fig. 8). Together with high wear rates for such coatings it
suggests that at first stage the wear is adhesive. After this
transter the friction pair coating-steel becomes symmetric, so
these coatings may act as solid lubricants, e.g., in threaded
joints. Recent industrial tests [5] showed the fesibility of this
approach.

| A0MER ! 3nekTpoHHoe vzoBpaxeHde 1

Fig.8. SEM image of the steel counterbody after wear test.
Chemical composition at the marked point: Fe 25.2 %,
Zn 74,8 %

According to our previous studies of the structural state of
diffusional zinc coatings [6] the surface layers of 3-phase in a
relatively thick diffusional coatings (more than 30 pm) are
characterized by the absence of the texture, whereas the inner
layer (< 30 um) of the coating has texture, characterized by the
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hexagonal axis of 3-phase directed parallel to the plane of the
coating as in usual hot-dip coatings. Thus, both observed effects
are closely related to the structure of 3-phase layer.

4. Conclusions

From the initial tests of the mechanical properties of steels
galvanized by thermo-diffusion galvanization, we established:
- The true mechanical strength is increased to 7.69 % in the
thermodiffusion galvanization mode;
- The improved upper yield strength after thermodiffusion
galvanizing increases from 8.87 % to 25.06 %;
- The formed zinc diffusion layer is in the range of 80 to 105
um and the hardness in the layer increases to 31 %;
- At the initial stage of wear of zinc coatings with a thickness
of more than 30 um, the coating is transferred to a steel counter
surface
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INVESTIGATION OF HEAT RESISTANCE AND STRUCTURE OF LAYERED
REFRACTORY COMPOSITES REINFORCED BY CHEMICAL COMPOUNDS WITH
SILICON, CARBON, AND BORON

NCCIIEJOBAHMUE XAPOIIPOUHOCTHU U CTPYKTVYPBI CJIOUCTBIX TYI'OIIVTABKMX
KOMIIO3UTOB, YITPOYHEHHBIX XUMNYECKMHN COEJUHEHUAMUN C KPEMHUEM,
YI'JIEPOAOM U BOPOM

Cand. of tech. sci., Head of the lab., Kiiko V., Cand. of tech. sci., Res. Prokhorov D., Post-grad. st., Junior res., Stroganova T.,
Post-grad. st., Junior res., Zheltyakova I., Cand. of tech. sci., Res. Ershov A., Cand. of tech. sci., Senior res., Korzhov V.
Institute of Solid State Physics, Russian Academy of Sciences, Chernogolovka, Moscow region, Russia

Abstract: In contrast to the melting technologies for the production of high-temperature alloys in the solid-phase technology developed by
us, a multi-layer structure of the future composite material is already set at the initial stage of the billet formation. In the work presented, the
billets were assembled from Nb- and Mo-foils with one or two-sided coatings of carbon or Si-B. Layered structures of composites were
formed during the diffusion welding of packets at 1500°C and a pressure of ~14 MPa. In the place of the coatings, layers of high-
temperature carbides or intermetallic Si and B compounds with Nb and Mo formed, which occupied up to ~40% of the cross-sectional area
of the composites. The strength and crack resistance at room temperature, strength at a temperature of up to 1500 ° C, as well as the
modulus of elasticity and density were measured. The presence of intermetallides in the structure of composites leads to a decrease in their

density and an increase in the modulus of elasticity.

KEYWORDS: HEAT RESISTANCE, CRACK RESISTANCE, LAYERED COMPOSITE, LAYERED STRUCTURE, METAL MATRIX, SOLID-
PHASE TECHNOLOGY, DIFFUSION WELDING, BENDING TESTS, INTERMETALLIC COMPOUND, MODULUS OF ELASTICITY.

1. Introduction

The result of many years of research on the heat resistance of alloys
for the aviation industry, which began in the early 1970s, were
alloys of the Ni-Al system. An important characteristic of a heat-
resistant material is its operating temperature. The use of structural
elements intended to work at elevated temperatures is always
limited by the specific strength of the alloy from which they are
made. This circumstance is due to the fact that an increase in the
operating temperature with simultaneous increase in the
mechanical characteristics of the alloy leads to a rapid expenditure
of its strength capabilities.

Due to this, at present, heat-resistant (Ni-Al)-alloys, whose
maximum melting point is slightly over 1600°C, began to fail to
meet the ever-increasing demands of the industry. To date, they
have reached their ceiling of operating temperatures equal to of
~1150°C, and they need an effective replacement.

Arising from this flow of information on heat-resistant
materials instead of Ni-Al system produced, mainly smelting
technology continues unabated. Most of the research fall on
niobium and molybdenum alloys with silicon and, to a lesser extent,
on Nb-Al alloys with intermetallic hardening. But the melting
method for the manufacture of products from heat-resistant alloys,
in particular gas turbine engine blades, is precision investment
casting, which was developed for the Ni-Al system. For high-
temperature alloys Nb-Si and Mo-Si practical realization of such a
casting is associated with the need to develop new refractory and
inert with respect to melt the ceramic materials for the crucibles.

We have proposed and for almost a decade has been
developing a solid-phase technology for obtaining composite heat-
resistant materials of a layered type. It differs from traditional
methods of melting, for example, the method of directional
crystallization, in that the formation of the desired structure occurs
at the solid-phase interaction of layers, and the multilayeredness and
orientation of the structure is created at the initial stage of the
assembly of the packet. Heat resistance is provided by the creation
of 2-dimensional planar layered structures of intermetallic
compounds or carbides, and high crack resistance by a metal matrix,
which often has its own layered structure. We call it a second-order
structure.  Solid-phase methods of obtaining heat-resistant
composite materials have recently shown increasing interest.

The essence of solid-state technology can be understood from
the following description. Layered composites consisting of
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alternating layers of intermetallic compounds and layers of Al solid
solution in niobium Nb(AIl) were obtained as a result of diffusion
interaction between Nb- and Al-foils during the diffusion welding
of Nb/AI packets using pressure [1, 3]. As in our studies [3-5], the
phase composition of the interaction zone between niobium and
aluminum depended on the ratio ty,/ta;, Where ty, and t,, are the foil
thicknesses of niobium and aluminum, respectively, and the final
welding temperature. After 1500°C in a composite with tyy/ta =
1.4, a structure was formed from Nb(Al), Nb,Al, and NbsAl.

The Nb-Al system is most simple for the use of solid-state
technology in that aluminum is a deformable metal. This makes it
easy to form the original multilayered packets from Nb- and Al-
foils. To study the heat resistant layered composites with silicides,
carbides and borides during assembly of source packets used
metallic ribbons, respectively with coatings of silicon, carbon and
boron or mixtures thereof, applied by various methods.

The relevance of this work is to obtain and investigate the
heat-resistant material, which we believe can operate at higher
temperatures than not only the currently widely used (Ni-Al)-alloys,
but also alloys based on the Nb-Al and Nb-Si systems with
intermetallic hardening. As follows from our studies [6-8], alloys of
niobium with a directed eutectic (Nb)-NbsSi; at temperatures above
1300°C begin to degrade.

To achieve a higher temperature level of heat resistance than
that of the Nb-Si alloy, it is proposed to start by alloying its
silicide’s with carbon and boron. For example, the NbB, boride
melts only at ~3000°C. This is almost 500°C higher than the
melting point of the silicide NbsSi; and exceeds the melting point of
NbsAl by more than 900°C. Similar studies have been started with
the Mo-Si system. It was shown in [9] that the Mo-Si-B ternary
alloys possessed good heat-resistant properties at high temperatures.

The interaction of the components and the formation of the
orientation of the structure occurred in multilayered packets
composed of Nb and Mo foils with (Si-B) or (Si-C) coatings, during
their diffusion pressure welding. Multilayered composites of
niobium with carbide hardening were also studied. In this case,
multilayer packets of Nb-foils with a pyrolytic coating were welded.

2. Composites Nb-Si-B u-Mo-Si-B

Packets assembly. The Nb/(Si-B)- and Mo/(Si-B)-packets were
assembled from Nb- and Mo-foils with an (Si-B) coating (Table 1).
Suspensions from a mixture of Si- and B-powders with a Si/B ratio
of 3 in polyethylene glycol were applied to the foils by the



"staining" method. The width and length of the packets are 35 and
40 mm, respectively. The direction of the rolling foils — along the
length of the package.

Diffusion welding (DW). Welding of packets was carried out
in a vacuum (not lower than 10 mm Hg) installation with a
graphite heater designed for a maximum temperature of 1700°C and
a maximum load of 10 T. Polyethylene glycol was evaporated,
starting from ~ 200°C, as the packet was heated.

Table 1. Description of packets and modes of diffusion welding

Package escription and DW modes Qu;gst.lty,
Mo/(Si-B)-1 packet
Mo-foil 50 wm thick with 2-sided (Si-B) coating 15
Mo-foil 50 wm thick with 1-sided (Si-B) coating 2
Total number of Mo-foils 17
The total number of double (Si-B)-coverings 16
Weight of all Mo-foils without coating — 10.370 g
The weight of the packet after DW is 10.880 g
The weight of all (Si-B) coatings is 0.510 g or
4.7% by weight
The thickness of the packet after DW is 1.10 mm
DW: 1500°C, 30 min at 10.5 MPa (1.5 7) + 30
min at 14.0 MPa (2 7)
Nb/(Si-B) packet
Nb-foil 60 xm thick with 1-sided (Si-B) coating 21
Nb-foil 60 um thick without (Si-B) coating 1
The total number of Nb-foils 22
The total number of (Si-B)-coverings 21
The weight of the packet after DW is 17.315 g
The thickness of the packet after DS is 1.7 mm
JC: 1500°C, 1 v pu 14.0 MIla (2 T)

Layered structure studies

Composites of Mo/(Si-B). The macrostructure of the cross-
section of the Mo/(Si-B)-1 composite (Figure 1) after diffusion
welding consisted of alternating layers of a light background and an
interaction zone (1Z) between molybdenum and an (Si-B) coating.
I1Z were uneven in thickness — from their total absence to ~ 70 um.
At a thickness of 40-70 wm (Fig. 2a), it has a large number of
Kirkendal pores inside. In pores of 20-30 um thick, the pores were
kept in an insignificant amount (Fig. 2b). It would seem that with an
even smaller thickness, the number of pores would have to decrease
and result in their total absence. But, starting from a thickness of ~
20 um, both the absence of pores and the existence of voids with a
length of up to several hundred microns were observed. And so
down to the complete absence of the diffusion layer. Such an
ambiguity in the change in the structure of 1Z at their small
thicknesses can be explained by the fact that such voids can form in
the place of a fragile and not strong intermediate phase and,
therefore, tend to locally crumble at the preparation of a
metallographic section for microscopy.

In the Mo-layers near and at a certain distance from the 1Z,
the boron content varied within the limits of 17-28 at.% and almost
no silicon. However, according to their state diagrams with
molybdenum, at 1500°C the solubility of boron in Mo is very small,
and silicon can be dissolved up to ~ 2 at.%. The compositions
obtained correspond to the eutectic region Mo(B) + Mo,B of the
Mo-B diagram, where Mo(B) is a solid solution of boron in Mo.

Phase structure of interaction zones. Their extreme layers of
thickness ~ 10 um bordering the Mo(B) + Mo,B layers consisted of
molybdenum boride Mo,(B,Si) with silicon dissolved in it. The
averaged Mo, B, and Si contents in them are Mo, g7(Bg.g9Sig.14)1.13
and Moy 74(B125Sig04)1.06 fOr the 1Z in Fig. 2a and b, respectively.
That is, in the boride Mo,B, which is located in the 1Z with a small
amount of pores, Si is much less dissolved.

In the 1Z with a porous middle between it and Moy(B,Si),
there were 2-phase regions 20-25 um thick (see Fig. 2a) consisting
of intermetallic compounds Mo(B,Si) = Moy g5 (Bo.63Sio.31)0.04 and
M05(Si,B)3 = MO4'29(Si2.4zBL29)3.71 or solid solutions of Si in oMoB

and boron in the silicide MosSis, respectively. An analogous phase
composition had the middle region of 1Z in Fig. 2b.

L 1 1 | I 1 1 1

5|00 I\:'IKM
Fig. 1. The macrostructure of the cross-section of the Mo/(Si-B)-1
composite, which coincides with the Mo-foils rolling plane
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Fig. 2. Composite Mo/(Si-B)-1. The microstructure of the
interaction zones between Mo and the coating with porous middle
(a) and with a small number of pores (b)

The middle of pollutants with a large number of pores (see
Fig. 2a) consisted of two phases: Mos(Si,B)3; and Mo(B,Si). The Si
and B concentrations in the Mos(Si,B); compound varied in favor
of boron from 35.0 Si and 3.4 at.%B to 23.1 Si and 14.4 at.% B or
from  Mo,.g3(Sizg0Bo27)307 10 MO05.00(SivesB11s)so. A similar
composition change was observed in the Mo(B,Si) boride: from
379 B and 19.2 at.%Si to 42.0 Mo + 57.8 at.%B or from
MO0 g6(Bo.765i0.38)1.14 10 M0g g4B1 16 (+ 0.13 at.%Si).

Composite Nb/(Si-B). Unlike Mo/(Si-B), the cross-sectional
structure of a composite with Nb was regular (Fig. 3a). Zones of
interaction (1Z) formed in situ (Si-B)-coatings occupying ~ 40% of
the cross-sectional area were alternated with bright layers of boron

Fig. 3. Macro- (a) and microstructure (b) of the cross-section of the
Nb/(Si-B) composite after DW in a plane parallel to the rolling
direction of Nb-foils

We will trace the phase composition of the 1Z with the help of
Fig. 3b. Two of its outer layers of gray (1) bordering with Nb(B)
consisted of the intermetallic compound Nbs(Si,B);, as the main
(matrix) phase and inclusions of Nb(B,Si). The composition of
Nbs(Si,B); varied from the silicide NbsSi; (boron-free) to
NDbs 24(Si1.76B1.00)2.76 With 12.5 at.% boron. The composition of the
inclusions corresponded to the formula Nby ¢3(Bg.74Sig.23)0.97-

The thin inner layer and the intermediate layers of dark color
(2) were single-phase and consisted of ternary intermetallic
Compounds Nb(SI,B) = Nb1'01(si0.5980.40)0.gg and Nb(SI,B)2 =
= Nby.02(Si159B0.49)2.08, respectively.
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Characteristics of high-temperature strength of composites.
The fracture toughness evaluation was carried out on samples with
a lateral notch, and to calculate the critical factor of stress intensity
K * under the conditions of plane deformation, the formula [10]
was used: K™ = (PS/BW*2)f(a/W), where P is the maximum load, S
is the distance between the supports, B and W are the thickness and
height of the sample, and a is the value of the lateral incision along
the vertical. Tests of Nb/(Si-B) composites on crack resistance and
strength at room temperature were carried out at a perpendicular (L)
and parallel (||) application of the load with respect to the surface of
the layers.

Anisotropy of the structure of the material, led to a difference
in the values of K *, as well as the variance of their values. The
following fracture toughness values were obtained: K*, = (13,0 +
1,3) and K*, = (12,0 £ 0,5) MPa-m"2 The values of K * show that
the material occupies an intermediate position between traditional
ceramics and high-strength metal alloys.

The strengths og when the load is applied in directions
perpendicular and parallel to the plane of the layers are og, = (600
+ 180) MPa and og = (790 = 48) MPa, respectively. The higher
strength with parallel layer load can be explained by the higher
moment of resistance at bending of high modulus and high strength
"boridosilicidal” layers than with the load perpendicular to the
layers.

In Fig. 4 the results of testing for the composites Nb/(Si-B)
and Mo/(Si-B) at high temperatures in the range 1100-1500°C are
shown. The dependence og(T) draws attention to the fact that the
values of the strength of about 250 MPa, which are satisfactory for
such temperatures, remain in the entire high-temperature interval.

800 -
=] —
= B - Nb/(Si-B)
A - Mol(Si-B)
o 600 © - Mo/(Si-B)2
o
= =]
i)
© 400{ ®= c§ A
" g ®
200 o 5 m
ol— ; T .
20 1200 1400

Test temperature, °C
Fig. 4. Dependence of the strength o of the composite samples
Nb/(Si-B) and Mo/(Si-B) on the test temperature at a perpendicular
load application with respect to the surface of the layers

3. Composites with carbide-silicide hardening

1. A composite obtained from a packet with 30 Nb-foils having a
one-sided suspension coating from a mixture of Nb-Ti-Cr-Mo-Si-
Al-ZrH, powders was studied. Welding of the packet and solid
phase formation of the layered structure occurred at 1500°C under a
pressure of 8.4 MPa for 5 hours in a CO atmosphere. The macro-
and microstructure of the cross section of the packet is shown in
Fig. 5.

Three strengthening phases are distinguished, different in
composition and color contrast: 1) TiC carbide with 47.3 £ 0.8 Ti
and 51.2 + 1.1 at.% C, in which are dissolved from 0.4 to 1.1 Nb
and from 04 to 0.7 at% Zr; (2) carbidosilicide
Meg 975(Co.51S10.49)1.025 CONtaining 29.5 + 5.4 Ti, 11.7 + 4.6 Nb, 5.4 +
0.6 Zr, 1.3 £ 0.1 Al, 0.7 + 0.5 Mo and ~0.2 at.% Cr; (3) NbsSi;
intermetallide containing 53.7 Nb, 30.6 at.% Si, and 15.0 at.% C,
the balance being 0.45% Ti and 0.2 at.% Cr; (4) pores formed
during the grinding of the sample, in places where the brittle phase
is deposited.

The remaining volume was a layered viscous-plastic matrix
whose composition varied from Nb-solid solution with ~99.5
wt.%Nb to (Nb-Ti)-alloy with 67-76% Nb and 20-15 wt.%Ti.
Significant concentrations have: Mo — from 1.1 to 5.6%, Cr — from
1.7 to 2.0% and Al — from 0.8 to 1.1% by weight. In addition, the
alloy contains silicon — from 0.3 to 0.4 wt.% and a sufficient

amount of carbon from 2.8 to 4.8 wt.% (15.3 — 24.4 at.%). And also
in the matrix there are inclusions corresponding to carbide Me,C,
where Me = Nb (52.8%), Ti (8.85%), Cr (1.15%) and Mo (0.9
at.%). Carbon is contained in an amount of 34.9 at.%.

Fig. 5. Macro- (left) and microstructure of the composite (right): 1,
2 and 3 - strengthening phases; 4 — pores

Mechanical tests using the 3-point bending method at 1100-
1300°C showed the following results: the stretch of proportionality
opr = 200-370 MPa, og = 260-390 MPa. At room temperature, og
= 320-540 MPa.

Fig. 6. Macro- and microstructures of the composite after welding at
1500°C and 14 MPa pressure for 3 hours in an atmosphere of CO

2. Composite samples 2—4 thick and ~30-40x60 mm in size
were prepared by welding of multilayered packets composed of 30
Nb-foils 30 «m thick with a coating similar to the previous one, but
without Nb: 49.1Ti-19.8M0-12.4Si-12.1ZrH,-3.8Cr-2.8 wt.%Al.

The multilayer structure (Fig. 6) consisted of layers of a
multicomponent alloy (Nb, Ti) of thickness ~ 30 um alternating
with interlayers of approximately the same thickness from the
strengthening phases. The following phases are identified.

1. TiC carbide with 50.4Ti and 47.7 at.%C, in which 1.0%Nb
and 0.6 at.%Zr are dissolved.

2. Carbo-silicide Me (Si,C) = Mel.05 (Si0.51C0.44) 0.95 with
content of the elements: 27.8Ti-14.5Nb—-6.9Zr-2.5AI-0.6M0-0.3
at.% Cr and 47.4 at.%(C + Si).

3. Viscous-plastic structural component (Nb,Ti), the
composition of which (based on the Nb—C diagram) varied from the
hypereutectic region B-Nb,C + (Nb) with 33.4 Nb and 30.1 at% Ti
to the Nb-solid solution with 91.6Nb and 5.6 at.%Ti. The content of
C varied from 22.1 + 2.7 to ~0.2 at.%.

4. Niobium composites with carbide hardening

Before the assembly of the Nb/CNbC/CNDC/... packets,
CNbC foils were prepared. These are Nb-foils with a 2-sided
pyrolytic coating deposited in one experiment on both surfaces of
niobium at 1100°C by decomposition of methane CH,. Two modes
of DW packets were used: 1500°C for 30 min and 2 h at a pressure
of 8.2 and 32.7 MPa, respectively.
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The light layers (Nb) in both composites were an Nb-solid
solution with a carbon content of 1.2 + 0.6 and 0.5 + 0.4 wt.%
(Figures 7a and b, respectively). Solid gray layers in the composite
1CNbC/CNbC (a) - Nb,Cs., carbide with a concentration of 37.2 +
1.6 at.%C. The same layers in the 2nd composite (b) contained 24.7
+ 1.1 at.%C and consisted of Nb,C carbide.

NbiCax  (Nb) NbCix  NbaC (Nb)

NbCix

100 pm 90 pm

Fig. 7. Microstructure of the composites LCNbC/CNbC and
2CNbC/CNbC after DW for 30 min under a pressure of ~8 MPa (a)
and 2 h under a pressure of ~33 MPa (b), respectively

Discrete inclusions of dark color located along the boundaries
of continuous carbide layers in 1CNbC/CNbC and 2CNbC/CNbC
composites contained 61.5 + 35 and 548 * 15 at% C,
respectively, which is more than 50 at.%, and exceeds the
boundaries of the NbC,., existence region. But there are no other
niobium carbides other than NbC,, with a carbon content
exceeding the C content in Nb,Cs.,. Therefore, we believe that dark
inclusions are nothing more than carbide NbC,_,.
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Fig. 8. Dependences of apg (O) and o (@) on the test temperature
for the LCNbC/CNbC composite at P _/ (ab)

The results of mechanical tests at temperatures up to 1100°C
and a load P perpendicular to the layers were carried out for a
composite with DW for 30 min. Voltage og in the temperature range
from 700 to 1100°C dropped ~750 to ~550 MPa.

5. Conclusion

1. By solid-state interaction in process of diffusion welding of
multilayer packets composed of thin Mo- and Nb-foils with
suspension (Si-B) coatings layered composites containing
intermetallic of metals with B and Si as potential hardening phases
were obtained. Room strength flexural tests for perpendicular (L)
and parallel (|]) orientations of load application and rolling direction
of Nb-foil showed o5, = (600 + 180) and op = (790 + 48) MPa. A
significant variance for op, leveled the expected difference in
strength values op, and op). High-temperature tests of Nb/(Si-B)
and Mo/(Si-B) composites in the interval 1100-1500°C showed a
satisfactory result for such temperatures — the strength of o, of the
order of 250 MPa, which was preserved throughout the temperature
range. The tests for crack resistance showed that the material
occupies an intermediate position between ceramics and high-
strength metal alloys. But composites have the potential to increase
it by optimizing the microstructure of the interaction zones, varying
the parameters of DW. The studies were of a "pilot" nature. Both
composites have reserves for increasing fracture toughness. Studies
on creep resistance at high temperatures and optimization of the
initial composition and regimes of DW are also necessary. This
determines the direction of further research.

2. With the example of composites prepared by welding of
multilayer packets made up of Nb-foils with suspension
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multicomponent coatings, it has been shown that by solid-state
technology can produce layered composites with structures of a
viscous-plastic matrix and high-temperature carbide and carbide-
silicide phases. Carbon contained only in the atmosphere of the
chamber in the form of CO at a residual pressure of ~10* mm Hag.
Due to its atomic mobility, it penetrated into the structural
components of the composites. With the participation of carbon,
strengthening phases in the form of (Ti-Nb)-carbide and layers of
carbide-silicide compounds Me(C,Si) were formed.

3. A composite with a layered structure hardened by carbide
layers was prepared by the DW under the pressure of multilayer
packets of Nb-foils with a 2-sided pyro-carbon coating. Its structure
was characterized by the alternation of the layers of the solid
solution C in Nb and the layers consisting of NbC,_, and Nb,C or
NbC,_, and Nb,Cs., carbides. The stretch of proportionality of PC at
room temperature of such composites was 935-980 MPa. For a
multilayer Nb/Nb composite, the opg = 290-300 MPa. At 1100°C, a
layered composite containing 33.6% by volume of carbide layers
had opg 0f 495-510 MPa.
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THE INFLUENCE OF SULFONE-T FIBER CONTENT ON TECHNICAL
CHARACTERISTICS OF ORGANOPLASTICS BASED ON AROMATIC POLYAMIDE

BJIMAHUE COAEPXAHNMA BOJIOKHA CYJIbB®OH-T HA TEXHUYECKUE XAPAKTEPUCTUKHN
OPI'AHOITINIACTUKOB HA OCHOBE APOMATHUYECKOI'O [TIOJIMAMNIA
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Abstract. In this paper, the possibility of creating new structural organoplastics based on aromatic polyamide of phenylone, fiber-
reinforced sulfone-T, is considered. Analysis of the results of physical and mechanical properties showed that, on the one hand, the
introduction of an organic fiber into the polymer matrix leads to an increase in hardness, modulus of elasticity, and Poisson's ratio of 1.7;
1.9 and 1.3 times, respectively, on the other hand, there is an insignificant increase in the relative strain and yield stress at compression in
the range of 10%, which is due to the presence of micropores formed at the polymer-fiber interface in the structure of organoplastics with
the introduction of fiber filler over 15 wt.%. An increase in wear resistance of 1.6 times was observed, while a reduction in the coefficient of
friction by 60%, compared with pure phenylone. Positive results of the research made it possible to switch to industrial ones - replacement
of roller bearings of pins on sliding bearings made of polymeric composite material, which led to an increase of 3-4 times the working life as

compared to serial ones.

KEYWORDS: AROMATIC POLYAMIDE, ORGANIC FIBERS, ORGANOPLASTICS, STRENGTH CHARACTERISTICS,

TRIBOTECHNICAL CHARACTERISTICS

1. Introduction

Today, the world industry of plastics has moved far ahead. Polymer
products are widely used in various industries. According to
PlasticsEurope data for 2014, the world produced about 311
million tons of polymer products (including thermoplastics,
polyurethanes, thermoreactive polymers, adhesives and sealants, as
well as polymer coatings and seals). Europe accounted for about 59
million tons of this "pie" (19%). This result allows Europe to take
the second place in terms of production of plastic products in the
world. In Europe itself, leading manufacturers in the production of
polymer products are industrial leaders: Germany, Italy, France,
Great Britain and Spain. They account for about 75% of all the
plastic produced in Europe [1].

It is doubtful that the automobile and engine manufacture
could find the economic (and other) incentive necessary to develop
alternatively fuelled products strictly on their own volition.

2. Preconditions and means for resolving the
problem

Mechanical engineering today is experiencing an upsurge, and as a
result, there is a growing need for new polymer products used both
in the automotive industry and for domestic use. This direction
takes 18% of the world consumption of polymers, yielding to
building polymers by only 4% [2]. The increase in the service life
of the structures largely depends on the reliability of the moving
joints, which are subject to high loads, high speeds and
temperatures. Therefore, there is a need to create new materials that
could meet such requirements. Among the existing polymer
composite  materials (PCM), organoplastics, also called
multifunctional materials, are of particular interest. They differ
from the typical representatives of PCM by the polymeric nature of
both components - matrices and fibers, characterized by high
strength, low density and thermophysical characteristics [3]. They
are widely used for the manufacture of products for various
purposes: structural, electrical and radio engineering, heat
insulation and others.

3. Solution of the examined problem

The purpose of this work was the development and investigation of
the performance characteristics of new polymer composite
materials based on aromatic polyamide phenylone, reinforced with
organic fiber sulfone-T.
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4. Methods and subjects of investigation

Phenylone aromatic polyamide C-1 (TS 6-05-221-101-71) was used
as a binder; this represents finely divided pink powder with a bulk
density of 0.2 - 0.3 g / cm® and a specific viscosity of 0.5 % in
dimethylformamide solution with 5 % of lithium chloride not less
than 0.75, characterized by the following properties: density of
1.35 g/ cm %, toughness of 20 kJ / m? hardness of 18 HRB, the
tensile breaking stress of 100 MPa. Phenylone is reinforced by
thermostable organic fibers sulfone-T with the following
characteristics: the length of a no. 8-9 fiber is 3 mm, the strength is
240- 270 mN/tex, elongation at breakage is 17-21%, and the twist
is 120-140 tpm.

Press-composition of the compound: phenylone +5-20 mass % of
organic fibers was prepared by mixing the components in a rotating
electromagnetic field in the presence of ferromagnetic particles. The
tablets were charged in a mold preheated to 523 K, heated to 593-
598 K and maintained at this temperature for 10 min, 10 min
without pressure and under pressure of 30 MPa. To fix the shape of
a product, the goods were cooled under pressure to a temperature of
523 K and pushed out of the mold later.

Brinell hardness was measured by indentation under a given load on
the hardness tester BTSHPSP GOST 46-70-77 and specific
toughness, which is a dynamic test of polymers, a single blow
bending according to GOST 4647-69. Compressive yield point was
determined on a test machine with the mechanical loading of the
sample and mechanical force measure, Universal servo test machine
UIT STM (GOST 4651-2014). The investigation of tribological
properties in the frictionless mode was carried out at room
temperature on a friction disk machine. The wear of the sample was
evaluated according to the disk scheme (steel 45, HRC 50, Ra 0.08)
- a composite finger (@ 10, 10 mm high) at a specific load of 0.4-
1.0 MPa, sliding speed of 1 m / sec, friction paths of 2000 m. The
wear of the samples was determined on analytical scales VLR-200
with an accuracy of 0.0002 g. The microstructure of the samples
after the tests was examined with an optical microscope Biolam-M
at an increase of 200 times.

5. The results and their discussion

The most complete use of the strength of reinforcing fibers in
organoplastics is achieved when, along with high adhesion and
wetting power, the binder possesses a set of properties that allows
for joint work of the fibers during deformation and the greatest
monolithic nature of the system [4], i.e. uniform distribution of
organic fiber within the binder. Investigation of the microstructure



of the obtained samples showed that the chosen method of mixing
and pressing the compositions with a content of 5-20 wt. % of
sulfone-T fiber in the polymer matrix of phenylone provides an
ideal distribution of reinforcing fibers (Figure 1).

Analysis of the results of physical and mechanical properties
showed that, on the one hand, the introduction of an organic fiber
into the polymer matrix leads to an increase in hardness, modulus of

elasticity, and Poisson's ratio of 1.7; 1.9 and 1.3 times, respectively;
on the other hand, there is an insignificant increase in the relative
strain and yield stress at compression around 10%, which is due to
the presence of micropores formed at the polymer-fiber interface in
the structure of organoplastics and the lack of the uniformity of the
filler distribution at the introduction of organic fiber more than 15
wt. % (Figure 2).

c d
Fig.1. Electronic microphotographs of the starting polymer (a) and organoplastics based on it, containing 5 (a); 10 (b); 15 (c)
20 (d) wt% of the fiber
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Fig.2. The influence of the sulfone-T fiber content on the strength characteristics of organoplastics based on it, where:
E, MPa - modulus of elasticity or Young's modulus; €,% - elongation at compression; o, MPa - Compressive yield strength; v - Poisson's
ratio; a, ki / m?- toughness; HRB - Brinell hardness
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Along with the induced applied load, the destruction of brittle
particles, the development of fracture along the interface between
the matrix and the fiber contributes to the formation of microcracks
or pores in the test samples. They are mainly formed in connection
with the reorientation of the polymer molecules, and grow in a
plane normal to the stress application axis. As the stress level
increases, the pores grow more and finally coalesce to form a wide
crack front [5], which reaches critical dimensions, accompanied by
complete destruction for pure phenylone samples and samples with

--

a b

a high degree of fiber filling with sulfon-T (15-20 wt. %) (Figures
3a,d, e).

The investigation of tribotechnical characteristics under conditions
of dry friction at varying pressure values from 0.4 to 1.0 MPa
allowed to establish that the optimum fiber concentration in the
polymer matrix is 10 wt. %, over the entire range of loads studied.
Compared with pure phenylone, an increase in wear resistance of
1.6 times was observed, with a simultaneous decrease in the
coefficient of friction by 60% (Fig. 4).

o ﬁﬁ
C d e

Fig. 3. Nature of destruction of samples of phenylone (a) and organoplastic based on it, containing 5 (b); 10 (c); 15 (d) 20 (e) wt. % Fiber
after compression test

As for the microanalysis of the tribosurface, as a result of abrasion
of the phenylone over ground steel under conditions of room
temperature, a surface with apparent gouging paths is formed (Fig.
5a). Organoplastics are characterized by a pseudoelastic mechanism
of abrasion [6]. This is testified to by shots of the microstructure of
organoplastics surface (with a content of 10 wt% fiber), which

becomes specular, traces of the tracks from the introduction of
roughness of the metal counterweave are hardly visible, fiber
breakage from the surface was practically not observed (Figure 5b),
which characterizes the strong adhesion bonds of components in
organoplastics.

Fig. 4. Dependence of the coefficient of friction (a) and wear intensity (b) of phenylone and organoplastics on its basis
on the influence of the load and the content of sulfone-T fiber in the polymer matrix

Fig. 5. Microstructure of the friction surface of phenylone (a) and organoplastics (b), with an increase of x200
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Based on the positive results of laboratory studies, the replacement
of the roller bearing of pins No. 6-7409a, mounted on the cradle of
the axial-plunger pump NP-90, the sliding bearings made of
organoplastic based on aromatic polyamide phenylone reinforced
with discrete chemical fiber sulfone-T was proposed. The
experimental bearing includes an outer steel ring (Figures 6, 3) and
an inner conical ring (Figure 6, 2) made of organoplastic. The cone
of conjugated surfaces is 200 £ 5 . The outer steel rings of the

bearings are pressed into the mounting holes of the tube, while the
inner ones, made of organoplastics, are pressed onto the journal
(Fig. 6, 1), which is installed in the pump housing holes [7].
This replacement leads to an increase in the working resource by 3 -
4 times in comparison with the serial ones, which makes it possible
to recommend details from organoplastics for use in hydrostatic
transmissions of GST-90 (112) in pumps NP-90.

Fig. 6. General view of roller bearings of pins No. 6-7409a mounted on the cradle of the axial-plunger pump NP-90, where 1 - the
outer steel ring; 2 - internal conical ring of organoplastics; 3 - outer steel ring

6. Conclusion

Thus, during the research of new polymer composite materials,
it has been established that the reinforcement of aromatic
polyamide phenylone with an organic discrete sulfone-T fiber
leads to an increase in its strength characteristics, namely
hardness, elastic modulus and Poisson's ratio by 1.7; 1.9 and
1.3 times, respectively; a significant increase in wear resistance
(by 1.6 times) and a decrease in the coefficient of friction (by
60%). Experimental details from organoplastics were tested as
an internal conical ring instead of a roller bearing of pins No.
6-7409a mounted on the cradle of the axial-plunger pump NP-
90, which led to an increase in the working life.
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