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HccnenoBanue BJAMSHHUS Pa3HbIX NMPOMbBINLUIEHHBIX MOKPBLITHII MHUKPO-
pa3MepHOi ToUHBI HA cTajdb CK45 ¢ momMonbio 3KCnepuMeHTAILHOI0
U KOHEYHO)IJIeMEHTHOI0 MeTO/0B

K. P. Kamm3zanex, A. ApraBan

Wcnamckuii yauBepeuteT Azan, Cemuan, Upan

Ananuzupyemcs nusiHue nPOMbIUICHHBIX NOKPLIMULL U3 YAPOUHEHHO2O XPOMA, USHOCOCMOUKO20 XPOMA
U YNPOUHEHHO2O HUKEIsl, NONYYEHHbIX MEMOoOOM 20psAue20 YUHKOBAHUS, HA Npeoel BbIHOCIUBOCU
demanetl. Ilpednpunama nonvimka Oonee MOYHO NPOAHATUIUPOBAMb YCAIOCb demaell nocpeo-
CMBOM MOOENUPOBAHUsL 2PAHUYbL PAZOENd MeNCOY OCHOBHbIM MEMALIOM U NOKPLIMUEM, UCTONIb3YS
npu smom ynpyeue snemenmol. [Iposedeno cpasnenue Kpusbix yCmanocmu, NOLYYEHHbIX Npeocmas-
JICHHBIM MENOOOM KOHEYHOINEMEHMHO20 MOOCIUPOSAHUS (GKIIOYAS. MPU PA3Iuytble (Paszbl) U U3eecm-
HbLMU MeMOOAMU KOHEUHOINEMEHIMHO20 MOOCIUPOBanUs, 8 KOMOPbIX OJii MOOIUPOBAHUSL NPOMe-
2ACYMOYHOIU (ha3bl UCNONL30BANU INEMEHM 0OO0NOYKU, C KPUBLIMU YCMALOCMU, NOCIMPOCHHLIMU NO
OaHHBIM IKCHEPUMEHMATLHBIX UCCTe008anUll. Pe3yibmamel nokazanu, 4mo 0aHHAs. MOOelb AGNAENC
YCOBEPULEHCMBOBAHHOU NO CPAGHEHUIO C OPYSUMU MOOCISIMU U NO360JIslem NOAYy4Ums 0ojee HA0edlc-
nole pesynomamol. C yuemom ycnoguii oxkpyicaiowetl cpeovl U IKCNIYAMAYUOHHBIX VCIO0GUL 6 Ka-
uecmee naubonee npuemMaeMo2o NOKpbImus. NPeOCmasieno moHkoe yunkogoe nokpvimue. Ilpu snaqu-
MENbHOM YEeAUHeHUY MOIUWUHbL NOKPbIMUL HAULYYWUM 6APUAHIMOM SGIAEMCs YAPOUHEHHOe XPOMO-
60e noxpuvimue. Yeeuuuenue moayunsl OYUHKOBAHHBIX U YIPOUHEHHBIX XPOMOBLIX NOKPLIMULL HA 6 MKM
npuUeOOUM K YMEHbUIEHUIO 3HAYeHUs npedena eviHocaueocmu Ha 14,96 u 4,37% coomeemcmeeHHo.

Knrouesvie cnoea: ycramocth, TMOKPBITHE, YIPOYHCHHBIH XPOM, OIMHKOBAHHBIN,
H3HOCOCTOMKHUI XpOM, YIIPOYHCHHBIH HUKEIb, KPUBas YCTAIOCTH, KOHEYHOIIIEMECHT-
Hasi MOJIeJIb, MPOMEXyTouHas (aza.

Introduction. Under frequent and repeated tension, metal is broken by tensile
stress, which is lower than the one required for fracture in static tension conditions.
On the other hand, damage of component subjected to simultaneous action of
fatigue and corrosion is much higher than that under consequent application of
fatigue and corrosion conditions. In the latter situation, there is no clear change in
the metal structure which is broken due to fatigue, which could be used as an
evidence for recognition of the reasons of fatigue fracture. At least 90% of
in-service component failures related to mechanical factors is fatigue [1].
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According to the standards of fatigue testing presented by the Association of
Mechanical Engineers of Japan in 1981 and by ASTM in 1998 for constructing an
S—N curve with the minimum number of test specimens, 14 test specimens are
needed, 8 of which are used to determine the limited lifetime above the fatigue
limit. Testing of two specimens at all four levels specifies the balance of the
applied load. Also, the fatigue limit can be obtained by step-wise procedure with 6
test specimens.

Step-wise procedure, which is often referred to as the up-and-down method, is
one of the most common ways that is consistent with most of the available criteria
for evaluating the statistical properties of the fatigue limit [2, 3].

1. Obtaining the Mechanical Properties of the Components.

1.1. Preparing the Components. Ten cylindrical rod-shaped specimens of
12 mm in diameter and the length of 279 mm with the base metal CK45 are
produced, according to tensile test standards, machined and subjected to surface
treatment [4] for further deposition of each group of coatings under study.

At the final stage of preparation, analyzed coatings of various thickness are
deposited under the same operation conditions, such as temperature, humidity and
other factors [5].

1.2. Testing Conditions. In this study, tensile testing machine STM-600 is
used in accordance with Fig. 1.

Fig. 1. Tensile testing machine.

1.3. Results. The stress—strain curves obtained from tensile tests for components
with different coatings (industrial coatings under study) of 13 and 19 um in
thickness are depicted in Fig. 2. In Tables 1 and 2, the mechanical characteristics
of the components with coatings of 13 and 19 um in thickness obtained from
tensile test are tabulated, respectively.

2. Preparation of Components for Fatigue Tests.

2.1. Number of Components Required. As it was mentioned -earlier,
according to the ASTM standard in 1998, the number of experimental components
required to get the first component of the S—N curve (limited lifetime above the
fatigue limit) is equal to 8 specimens, however, in order to obtain more reliable
results, 12 components have been used in experiment with 4 levels of applied
cyclic load, 3 specimens being tested at each cyclic load level, so that the average
fatigue life of 3 specimens is treated as the fatigue life at the respective cyclic load
level.
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Table 1
Mechanical Properties of Components with a Thickness of 13 um [6]

Result Embellished chromium Hardened chromium
Peak Break Yield Peak Break Yield
Force (N) 105392.9 | 87833.47 | 105193.9 | 107045.3 | 95098.09 | 106539.9
Extension (mm) 1.810215 | 5.641043 | 1.478078 | 3.583356 | 6.912126 | 1.8323570
Stress (MPa) 931.8779 | 776.6183 | 930.1183 | 946.4883 | 840.8517 | 942.0194
Elongation 3.62043 | 11.28209 | 2.956157 | 7.166711 | 13.82425 | 3.664713
Elongation after break | 3.457021 | 11.10079 | 2.792546 | 7.465292 | 13.8729 | 3.952722
Module (MPa) 25739.43 | 6883.641 | 31463.77 | 13206.73 | 6082.439 | 25705.13
Energy (kJ) 178.4 560.6 143.5 373.3 719.5 186.1
Hardened nickel Warm galvanizing
Force (N) 110237.8 | 94113.62 | 109983.8 | 110415.8 | 95250.06 | 109962.8
Extension (mm) 0.5746964 | 3.280554 | 0.3065699 | 3.450773 | 7.622701 | 1.608388
Stress (MPa) 974.7166 | 832.1472 | 972.4702 | 976.2899 | 842.1954 | 972.2845
Elongation 1.149393 | 6.561108 | 0.6131397 | 6.901545 | 15.2454 | 3.216776
Elongation after break | 1.053799 | 6.477806 | 0.5177394 | 6.904699 | 15.21457 | 3.218915
Module (MPa) 84802.73 | 12683.03 | 158605.0 | 1414596 | 5524.259 | 30225.44
Energy (kJ) 96.3 377.4 43.1 376.7 821.2 173.6
Table 2
Mechanical Properties of Components with a Thickness of 19 um [6]
Result Embellished chromium Hardened chromium
Peak Break Yield Peak Break Yield
Force (N) 103591.1 | 86814.84 | 103509.9 | 105971.7 | 97161.85 | 105877.5
Extension (mm) 3.000181 | 6.830809 | 2.12211 | 0.1070035 | 0.055746 | 0.0906766
Stress (MPa) 915.9464 | 767.6118 | 9152288 | 936.9957 | 859.0994 | 936.1623
Elongation 6.000362 | 13.66162 | 4.244219 | 0.214007 | 0.1114921 | 0.1813531
Elongation after break | 5.589775 | 13.18036 | 3.83329 | 0.1689866 | 0.0685821 | 0.1363553
Module (MPa) 15264.85 | 5618.747 | 21564.12 | 437834.2 | 770547.6 | 516209.6
Energy (kJ) 289.8 666.7 198.8 273.0 203.0 249.0
Hardened nickel Warm galvanizing
Force (N) 105175.5 | 92869.51 | 104662.2 | 106726.0 | 89014.71 | 106597.7
Extension (mm) 5.002722 | 9.035047 | 3.14964 | 0.5088025 | 4.231294 |0.4345179
Stress (MPa) 929.9554 | 821.1467 | 925.4175 | 943.665 | 787.0629 | 942.5307
Elongation 10.00544 | 18.07009 | 6.299279 | 1.017605 | 8.462587 | 0.8690357
Elongation after break | 9.98278 | 18.03479 | 6.276088 | 0.804564 | 8.260647 | 0.6560751
Module (MPa) 9294.494 | 4544231 | 14690.85 | 9273391 | 9300.499 | 108457.1
Energy (kJ) 520.5 933.7 3259 56.0 431.2 48.1
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2.2. The Test Conditions. Components for each group of analyzed coatings
were made from CK45 steel according to the British Standard BS3518 for
conducting fatigue tests, which specifies the recommended manufacturing methods
for test specimens [7]. Test specimens with dimensions depicted in Fig. 3 are
machined and subjected to surface treatment, and as the final step, the surface of
specimens are polished by sandpaper No.600. The direction of polishing is along
the length of the component, in order to minimize the surface roughness and make
it smooth and glossy [4, 7].

30 Ilﬂ 3 110
T

D13 I I DS

D19

Fig. 3. A schematic of the fatigue test specimen [7]. (Dimensions in mm.)

It is noteworthy that, in order to reduce the error percentage at the stage of
preparing the components, they have been subjeted to rasping surface treatment,
whereas dimensions of the blunt cones in the component edges described in Fig. 3
are controlled by Eq. (1):

D—d
2L

tan(a/2) = (1)

where D is the larger-edge diameter of the blunt cone, d is its smaller-edge
diameter, and L is the blunt cone length.

At the next stage, using the process of plating, the analyzed coatings with the
thickness of 13 and 19 um have been deposited under the same operation
conditions, including temperature, humidity and other factors effective in the
components [8].

Using the scanning electronic microscope (SEM), several photos with
magnification of 1000 were taken, as it is shown in Fig. 4, in order to analyze the
accuracy of plating of components and the thickness of coatings.

3. Testing Conditions. In this study, the most common type of fatigue test,
Moore rotating beam under pure bending load, has been applied, the average stress
being equal to zero; in other words, the stress range is twice the maximum stress
[4].

The frequency of loading of test machine used is equal to 3500 rpm and the
tests at 4 different levels of applied load 107.91, 117.72, 122.625, and 124.578 N
are conducted; and the averaged experimental results obtained at each level are
introduced as the number of cycles to fracture at that level; and based on it, the first
component of the S—N curve (limited duration) of each of the analyzed coatings
with a thickness of 13 um are obtained, as is shown in Fig. 5.

4. Finite Element Analysis. Fatigue analysis has traditionally been performed
at a later stage of the design cycle. This is due to the fact that the loading
information could only be derived from the direct measurement, which requires a
prototype. Multibody dynamics is capable of predicting the component loads
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Fig. 4. Imaging surface of coating at components by SEM: (a) thickness of coating is 13 um;
(b) thickness of coating is 19 um.
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Fig. 5. S—N curve of different coatings with the thickness of 13 um based on experimental data [6].

which enable a designer to undertake the fatigue assessment even before the
prototype is fabricated. The purpose of analyzing a structure early in the design
cycle is to reduce the development time and costs. This is achieved to determine
the critical region of the structure and improving its design even before prototypes
are produced and tested. The finite element method (FEM) based on fatigue
analysis can be considered as a complete engineering analysis for the component.
The fatigue life can be estimated for every element via FEM model, and the
contour plots of life damage can be obtained. The geometry information is
provided by the FEM result for each load case applied independently. The
respective material properties are also provided for the aplied fatigue analysis
method. An integrated approach to fatigue life analysis combines the multibody
dynamic analysis, FEM analysis, and the fatigue analysis into a consistent entity
for the prediction of fatigue life of a component. A flowchart of the FEM-based
fatigue analysis is shown in Fig. 6 [9].
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Fig. 6. The FEM-based fatigue analysis [9].

4.1. Earlier Introduced Finite Element Model. In the finite element model,
which has been elaborated in 2011 within framework of the ANSYS software, two
types of 3D elements, i.e., solid and shell ones, are used which are applied,
respectively, for modeling the base steel, coating and the intermediate phase
between them (having a smaller value thickness as compared to its length). In the
new finite element model, including three separate phases, the base metal, coating
and the interface between them are considered; whereas the mechanical properties
of the interface, are treated as the average value of mechanical properties of the
two adjoining phases [10-12].

In this model, by specifying the type of coating and the base metal, with this
assumption, the mechanical properties of the intermediate phase can be easily
assessed; while the thickness of intermediate phase is also considered to be equal
to the length of the metallic bond between the atoms of the two adjoining phases.

4.2. A New Finite Element Model. The difference between the proposed
model and earlier presented model is just in modeling the intermediate phase
between the base metal and the coating. In the new model, a 3D linear spring
element, which has the axial, bending and torsion stiffness, is used instead of shell
element.

In the model, which describes 1/4 part of the component in cylindrical
coordinates, the number of nodes at the outer surface of the base metal is
considered equal to the number of nodes at the interior surface of coating, while
each of the nodes of the two levels are linked together by a spring element.

In order to assess the spring stiffness, firstly, the axial, bending and torsion
stiffness of a solid cylindrical beam (base metal model) and a hollow cylindrical
beam (coating model or, in other words, the deposited component) are obtained
through engineering formulas [13]:

_AE
= @
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Then, specifying the stiffness of the two phases of the model in each of the
categories of loading, applying a specific load in the lab, and measuring the total
changes and using the rule of total effects, we can obtain the ratio of unknown
phase transformation from the total changes based on the Fig. 7; and then the
stiffness of intermediate phase can be calculated.

K(coating)
K(interface phase)

K(base metal)

Fig. 7. A schematic of a solution for assessing the stiffness of the intermediate phase experimentally,
based on stiffness of the other two phases.

One of the important issues that must be considered in the present finite
element model is the length of a spring element used to model the intermediate
phase between the base metal and the coating; so that specifying the two adjoining
phases, the length of the metal bond of the atoms of the two adjoining phases is
considered to be equal to the length of spring elements in the present model; as it
is seen from the finite element model scheme depicted in Fig. 8.

AN
e
oo, it
Lol L = i
Interface ‘ \
Phase ‘
DR Ty Coating
Base Metal
(CK45)

Fig. 8. FE model of the deposited components consisted of three independent phases in the ANSYS
software.

S—N curves obtained from fatigue analysis via the ANSYS software using the
new finite element model of the coated components with coatings of 13 and 19 um
thickness values are depicted in Fig. 9.
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Fig. 9. S=N curve obtained for components with a thickness of 13 (a) and 19 um (b) based on the
extracted data of the software using the new FE model.

The observed difference between the results obtained from finite element
analysis and experimental data is attributed to application of a linear spring
element, while for better approximation and closer fit one can use a nonlinear
spring element, and moreover, the spring constants coulb also be calculated using
different theories of the potential energy. However, in this research, linear spring
element has been used, in order to reach acceptable results with the minimal
computation efforts (increasing the speed of solving the equations) and
simplification of governing equations (using linear terms instead of nonlinear
terms).

With account of the simplifications made, the results obtained from the
experimental tests and finite element analysis (Figs. 6 and 7) indicate that,
considering the environmental and operation conditions of components, a warm-
galvanized coating with thickness less than 19 um is the most appropriate coating
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Fig. 10. Comparison of the S—N curve of the warm-galvanized coating with a thickness of 13 um
through different methods.

among the analyzed coatings. Consider the results of two finite element models
and experimental data on the components with warm-galvanized coatings of 13 um
in thickness, which are depicted in Fig. 10.

As it is seen from this plot, despite the fact that the results of a new finite
element model and experimental data are different, their fit is improved, as
compared to the earlier developed FEM model.

5. The Effect of Coating Thicknesses on the Fatigue Life of Components.
As is seen from Fig. 9, with increased thickness the median between S—N curves of
the coatings decreases, so that it may be possible to shift curves corresponding to
different coatings by increasing their thickness and even change their position to
each other. In this respect, data on the reduction of fatigue life of components, as a
result of increasing thickness from 6 um to higher values are given in Table 3 for
various coatings.

In the previous section, warm-galvanized coating was introduced as the most
appropriate, but according to Table 3, the rate/speed of reduction of the fatigue life
of components, as a result of equal increase in thickness of various coatings, is
much higher for the warm-galvanized coating than for hardened chromium coating.

The highest amount of iron in the y-layer of galvanized coating (closest
coating layer to the base metal) may be treated as a metallurgical reason for
embrittlement of cladding due to the increased thickness of the coating. As the
coating thickness increases, the amount of iron in the y-layer increases, and it leads
to higher brittleness of the layer. Therefore, the rate of fatigue life reduction is a
result of high increase in thickness.

According to the data from Table 3, the lowest rate of fatigue life reduction is
observed in hardened chromium coating; in case where the coating thickness
increases to a certain level, the best cladding is the warm-galvanized coating, and
then the hardened chromium coating is the most appropriate cladding. Therefore,
we have thickness limitation for the use of warm-galvanized coating; while beyond
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Table 3
The Reduction of Fatigue Life of Components with Different Coatings
for Increasing Thickness of 6 um

Type of Coating Reduction in fatigue life, %
Warm galvanizing 20.62
Hardened chromium 14.96
Embellished chromium 7.42
Hardened nickel 437

the limitation the hardened chromium coating is the best choice for applications
under the analyzed operation conditions.

Conclusions. Considering the fact that the number of conducted tests exceeds
than the standard number, the conclusions are quite reliable, and the galvanized
coating is shown to be the most appropriate coating, being erosion-, corrosion-, and
fatigue-resistant for very small values of coating thickness (13 and 19 um) under
the specified conditions.

For the analyzed loading conditions of the component, galvanized coating is
the best than other coatings with small thicknes values, while with increased
thickness values, a galvanized coating beommes too brittle due to the high amount
of iron in y-layer, so that a hardened chrome coating should be used as the most
appropriate coating, which is more resistant against erosion and corrosion under
fatigue conditions.

However, the rate of reduction of the fatigue life under equal conditions of
increasing the coating thickness is much higher for galvanized coatings, than for
hardened chrome coatings. This is one of the reasons for using the hardened
chrome coating in case of very high values of coating thickness.

More detailed calculations of this effect for galvanized coating require
additional compuitation costs and efforts, and have yet to be performed,

Generally, hardened chrome coatings are used as the best protection against
erosion and corrosion. However, in order to achieve the best performance and
highest operational efficiency, the coating thickness should be determined based on
the level of erosion and corrosion of the components, considering the operation
conditions of the components, including the type and level of the applied load,
parameters of corrosive environment, etc.

An finally, the linmited fatigue life and fatigue limit values should be assessed
and, taking into account other parameters, such as cost, availability, etc., the most
appropriate coating should be selected.

Pe3ome

AHai3y€eThCsl BIUIMB MPOMHUCIIOBUX IMOKPHUTTIB i3 3MIITHEHOTO XpPOMY, 3HOCOCTIiH-
KOro xpomy Tta 3MiHHeHOI‘O HiKeJHO, OTpUMAaHUX METOAOM TapA40ro HUHKYBaHHS,
Ha IPaHUII0 BUTPUBAJIOCTI JieTayiedl. 3po0sieHo crpoOy OuIbIl TOYHO MPOAHATI3Y-
BaTH BTOMY JICTaJIe 3a JOOMOT'OK MOJICIIOBAHHS IPAHHMII MOy MiXK OCHOBHHM
METAJIOM 1 MOKPHUTTSM, BHKOPHUCTOBYIOUYH IIPU IIOMY MpYKHI eneMeHTH. [Ipose-
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JICHO TIOPIBHAHHS KPUBHX yTOMH, OTPUMaHUX ONHCAHHUM METOJOM CKiHYEHHO-
€JIEMEHTHOT'O MOJISIIOBaHHS (BKJIIOYAOUM TPU PI3HHUX (a3u) i BIZOMUMH METO-
JaM{ CKIHYEHHOEJIEMEHTHOIO MOJCJIIOBaHHS, B SIKUX JUIS MOJAEJIOBAHHS MPOMDK-
HO1 (pa3u BHKOPHCTOBYBAJIM €JeMEHT OOOJIOHKH, 3 KPUBUMH YTOMH, MOOYI0Ba-
HUMH 32 JIaHUMH CKCIIEPHUMEHTAJIbHUX AOCIHiIKeHb. Pe3yibpTaTH MoKaszaiu, IO
JlaHa MOJIENIb € YJIOCKOHAJCHOI MOPIBHSHO 3 IHIIMMH MOJENSIMH 1 JO3BOJISIE
oTpuMarTH OiNbIl HAiHI pe3yibTaTh. 3 ypaxyBaHHSM YMOB OTOUYYIOYOTO cepe-
JIOBHIIA W eKCIUTyaTalliiHUX yMOB SIK HaWOUTBII MPUHHITHE MOKPUTTS MPEACTaB-
JICHO TOHKE LUHKOBE MOKPUTTSA. 31 3HAYHUM 30UIBIICHHSIM TOBIIUHH TOKPUTTS
HaMKpalmuM € 3MilHEeHEe XpPOMOBE MOKPHUTTS. 31 301LIbLICHHSM TOBIIMHHM OLIMHKO-
BaHUX 1 3MILHEHMX XPOMOBHX IOKPUTTIB Ha 6 MKM 3HAU€HHsS TpaHHLi BHUTPH-
BaJoCTi 3MeHITyeThest Ha 14,96 1 4,37% BiamoBimHO.
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