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ABSTRACT

In this study the Plasma spray coating method was used to melt the coating
powder material and spray it on to the surface of the steel substrate. The
coated specimens of different pure and composite materials were tested
under the standard fatigue testing conditions. The best results were ob-
served for the specimens coated with pure molybdenum followed by those
coated with copper-bronze, while the worst behavior was that of the speci-
mens coated with 100% ceramic materials. SEM test was conducted to un-
derstand the reasons behind this behavior. It was found that this behavior is
due to theinitiation of the crack along the boundary of the smooth area for
the coated speci mens, which takestime to propagate, while for the uncoated
specimen the crack initiated at the boundary between the smooth regions
and propagates radial inside it. The mathematical model of the behavior
c,=K(2N,)" isfound to suit the results of the fatigue test for all coated and
uncoated specimens regardless if there is an improvement or not in the
fatigue behavior. © 2008 Trade SciencelInc. - INDIA
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Crack.

It isknown that many componentsare subjected to
dternating or fluctuating loading cyclesduring service,
andfailureby fatigueisfairly common occurrence be-
cause cyclicloading produces microscopic surfacedis-
continuity resultingfromdidocation dip stepsthat ends
with acrack initiation!¥. It can also be noted that the
formation of did ocation dipscan behindered by intro-
ducing atwo phasestructurein the material 2. Coating
may provide stedl with compressiveresidual stresses
that improvesitsfatiguelife Toincreasethefatiguelife,
different coating material sand techni ques can be used.

One of thesetechniquesisplasmaspray coating. It re-
liesonahot, high speed plasmaflame(nitrogen, hydro-
gen, or argon), to melt apowdered materia and spray
itontothesubstrate. A direct current arcismaintained
to excite gases into the plasma state. The high heat
plasmaenablesthisprocessto handleavariety of coat-
ing materias, most metd's, ceramics, carbidesand plas-
tics. Jalham et d ¥’ have used thismethod to investigate
theinfluenceof different typesof compositemateria on
abrasivewear resi stance of commercia mild stedl and
cametovery interesting results.

The Surfacefatigue phenomenon of Mo andAl-
bronze coatingswasinvestigated using two-disc ma


mailto:jalham@ju.edu.jo

34 The fatigue behavior of the composite coated steel

MSAIJ, 4(1) January 2008

Full Poper ===

chine under variousloadings. It wasfound that Mo
coatings had superior lifeto surfacefalurewhen com-
pared toAl-bronze coatingsunder purerollingandroll-
ing/dliding contacts. Thisisin agreement withwhat has
been reported by Shakelford®. Recent evolutionsin
surface engineering have suggested the use of plasma
nitriding, PV D coating and their combinationin duplex
systems’®. It wasfound that the empl oyment of gasand
plasmanitridingimproved thethermd fatigue behavior
of the surface of treated steel with respect to an un-
treated one as thermal cracks were found to remain
locdized inthecompound layer or to stop theinterface
withthediffusion layer. Ramaho et d.[" presented the
influence of thefatigue stressrange, normal pressure
and amplitudeof dip onthefracturelifefor both coated
and uncoated EN H320M steel. They found that Zinc
filmsdo notinfluencethefatiguelifeof thetested Stedl.
In another investigation, Nascimento et d .1® stated that
theinterna resdua stressessgnificantly influencethe
fatigue strength of coated materials. They found that
the effect of tungsten carbide thermal spray coating
applied by HP/HV processand hard chromium eectro
plating for therotating bending tests, wasto decrease
thefatigue strength for A1SI 4340 Stedl and theinflu-
enceismoresgnificantin high cyclefaigueteststhanin
low cyclefatiguetests. The decreasing of thefatigue
strength was higher in chromium e ectropl ated speci-
mensthan tungsten carbide coated specimens. Baragetti
et a .Pstated that Any coating system, givingimproved
wear properties, may drasticaly reducethefatiguelife
of acomponent, dueto crack starting in the coating
and propagatinginto substrate material . Chrome-plate
parts showed improved wear behavior but, aso, a
shorter fatiguelife, with respect to those of uncoated
parts.

Severd ceramic and cerami c-base composite coat-
ingssuch aszirconium-basad a umina, duminadtitanium,
magnes a-stabilized zirconium, fly ash, TiN, TICN, and
other materials were studied. For example, Abdel-
Samad et a.* haveinvestigated theinfluence of the
hot i sostati c pressing on thermal fatigueresi stance of
plasmaspraying coatings. They showed that the ther-
mal fatigueres stance of thetool steel had animprove-
ment of 33% using Zirconium-based plasmasprayed
coatingsinadditionto the highwear resi stanceand good
heat transfer resistance. Theeffect of intrinsic proper-
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tiesof ceramic coatingssuchasTiN, TICN and TIAIN
filmsonfatigue behavior of thecommonly used rotor
steel, Cr—Mo—V steel, in which test samples have been
deposited with ceramic coating layersof 2.5-5umthick
by afiltered arcion platingwas studied*Y. Inthisin-
vestigation the coating layer micro-hardness, the char-
acteristicsand residual stressesof coating filmswere
determined by X-ray diffraction and thehigh-cyclefa
tiguetestsunder rotary bending and axid constant am-
plitude | oading were conducted. It was concluded that
thehardness of coatinglayersincreased gpproximately
by 5-10 times more than that of uncoated substrate
depending and largecompressiveresidua stressesap-
peared on the coating layers. They showed that thefa
tigue strength of coated specimensissuperior to those
of uncoated substrate, in particular at long fatiguelife.
They a so reported that thefatigue strength of ceramic-
coated materia ismainly dependent ontheretardation
of crack initiation of the substrate by hard coating lay-
erscompared to theinfluence of crack growthresis-
tance by ceramic coatings. On the other hand, it was
anticipated that ceramic coating layersarefractured at
an early stage of thefatigue processbecausethey are
too brittleto accommodatethe substrate. Gelf et al .[*2
used CrN monolithic 5 mm thick, deposited on asub-
strateof H-11tool stedl. They found that asystematic
characterization of the coating cannot neglect theeva u-
ation of theresidua stressdistribution, induced by the
coati ng manufacturing process becauseit affectsthe
adhesi on between coating and substrate. Ahmed et dl .13
hasinvestigated theinfluence of coating thickness, and
contact stressfields on the performance and fatigue
modes of thermal spray(WC-12% Co) HV of coat-
ings. They reported that anon- dimensional coating
thickness parameter, apart from the detection of anew
failure mode (termed spalling), indicatethat it ispos-
sibleto achieveafatiguelifein excessof 70 million
stresscycleswithout failure. Thisimprovement in coat-
ing performance was attributed to improved fracture
toughnessof liquid fuel HV OF coatings.

A deterministic model of fatigue may be consid-
ered as amathematical system which alowsoneto
make accurate predictionsabout thelifetimeof amate-
rial or structure, given information about the material
properties, detail sof the geometry, and the actionsto
whichitissubjected. A deterministic model isonesuch
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that if thevarious parametersare specified exactly, then
anexact predictionfor thelifetimeisobtained. In prac-
ticethereisalargeamount of scatter in observed life-
timedatafor smilar materialsunder smilar conditions.
This could be because the true parameters are not
known exactly, or becausethereisanatura variability
inthephysical system. Such scatter will be addressed
in the probabilistic adaptations of some of the deter-
ministic models. Thedifferent typesof model may be
roughly dividedintotwo categories, namely thosewhich
areempirical-based on observed data, and constructed
tofit thedata- and thosethat aremoretheoretical-based
on some physical reasoning, or mechanismwhichis
knowntoaffect thelifetime.

In order to estimate thereliability of real compo-
nentswhich undergo varying conditionsand stresses at
differenttimesintheir lifetime, cumul ativedamagetheo-
rieswereintroduced. Theideabehind theseisthat fail-
ureisdueto astructureaccumulating damageat differ-
ent stresslevelsuntil finally fractureoccurs. Initidly, it
was proposed that such accumulationwasjust alinear
combination of damages, but thiswas subsequently
modified to giveanon-linear accumulationrule. A con-
tinuousversonof theaccumulation rule, adamagefunc-
tion, was proposed inthe 1950s by Kachanov. This
wholeareaiscaled continuum damagemechanics. The
useof thedamage function allowsonetotakeinto ac-
count themany and varied mechanismsthat affect use-
ful lifetime. Aswell asthe actud crack growth process,
onemay beinterested in the effect that such thingsas
weather play in the accumul ation of damage. Under
certain conditionsit ispossibleto calcul atethe stress
experienced a any point withinamaterid, usngsample
engineering theory. Specificaly, if the stressisnot too
gresat, thematerial actsunder what iscaledthedastic
regimeand el asticfatiguefractureoccurs. Insuch asitu-
ation, thestressfelt at thetip of acrack can be calcu-
lated, and the crack opening forcededuced. Usingthese
methodsit is possibleto determinetherate of crack
propagation. However, themateria will not waysfol-
low elagtic behavior, and plastic effects must betaken
into account. Jintegral methodsded with such asitua-
tion(*,

Therearemany waystoincorporateaprobabilistic
aspect into aso-called deterministic model . Oneway
to dothisisto add random noiseto themode . Another
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way istoassociate arandom di stributionwith themodd
parameters. Yang et al .*® demonstratesthisfor ahy-
perbolic crack growth ratefunction. Markov chainscan
be used to modd fatiguein materias. The assumption
that damageisafunction of independent parameters,
combined with damage accumul ated to dateisconsis-
tent with the Markov property, and hence such meth-
odsareemployedinanatura fashion. Of specificinter-
est tothisresearchiswork on short cracksby Cox and
Morrig*”18, The continuousversion, the Markov dif-
fusion, hasa so been examined. Thedifferential equa-
tion approach assumesthat cracks grow continuoudly.
Inreality, crack growth can be a discontinuous pro-
cess. In order to model this, it may help to consider
growth asacombination of agrowth event, together
with acertain growth magnitude attributabl e to that
event. Such hasbeen model ed inthecumulativejump
modelsK.Sobczyk, J. Trebecki™9.

A graph of stressversuslifetime constitutes one of
thefirgt attemptsto quantitatively examinefatiguelife-
times?!. Thisgraph, introduced by August Wéhler in
1858, has since becomeknown asthe Wahler or S-N
curve. Althoughthe S-N plot providesan estimate of
lifetimefor agiven stresslevel, it does not take into
account any estimate of uncertainty. S-N-Pplotsarea
probabilistic modification which gives an estimate of
probability of failure, conditional on number of cycles
and gresslevd. It should benoted that thisisvery much
anempiricad methodin the sensethat the only variables
aretimeand stress. Cdibration of such curvesisdone
by experiment, using test specimens. For theanaysis,
thefollowing equation, which was al so used recently
by many researchers such as Saeid 24, may be ap-
plied:

o =K(N,)" @)
Where: K and b are constants of the material o, isthe applied
stress N, is the number of cycles at failure.

Another common method of estimatinglifetimecon-
sgtsof fitting the parametersof aWeibull distribution
fromtest data, and thiscan yield good predictionsin
practice.

The objectiveof thiswork isto utilize the advan-
tages of plasmacoating processtoform metal coatings
with different types of mixturesof metdlicand ceramic
particles (such as magnesium zirconate, aluminum-
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bronze and molybdenum, and amixtures of them) to
study the possibility of improving thefatigue behavior
of stedl. Buildingamathematical model to predict the
fatigue behavior is also of interest. Wohler or S-N
Curve approach using equation 2 wasused inthisin-
vedtigation.

EXPERIMENTAL

To achievethe objectives of thiswork, five steps
weretaken: substrate preparation, preparation of the
coating material, equipment setup and testing, coating
process, and thetesting of the coated substrates. The
base substrate used in thisresearch isacommercial
free machining mild steel material of acomposition
shownin TABLE 1. Its preparation was started from
decreasing the sizeto theintended one (Figure 1) and
removing all surface oxidation by grit blasting. Thirty
minutes before coating, the meta blastingmachinewas
used to removeall the contaminationson the surfaces
and then specimenswere washed with alcohol to get
the substrate ready for the coating process. Thenthe
duplex system coating?? was applied: thesubstrateis
first gorayed with ametalic bond layer of stainlesssted!
(@bout 350um) of acomposition shownin TABLE 2.
Magnes um zirconate powder(10um),  uminum-bronze
powder(45um), molybdenum powder (30um), and a
mixturesof different proportionsof them, asshownin
TABLE 3, were prepared asmaterid sfor plasmacoat-
ing. Theplasmacoating apparatusMITCO 7 BM type
was used for coating. The coating processwas accom-
plished with the operational parameters shown in
TABLEA4.

The fatigue testing apparatus of WP 140 type
(figure2), withtest bar dimensionsasshowninfigure
1, wasused for fatiguetesting to record sets of stress-
number of cyclesdatato producewhatiscalled S-N
curves. Theconduction of thetest wasstarted by clamp-
ing the samplein the spindle of theapparatusand | oad-
ing itwith aconcentrated force at the other end to pro-
ducean dternating bending stress. Thesamplewas sub-
jected to apurereversed bending stressinthemachine
at azero mean stress. The amplitude of thereversed
stressisinfinitely adjustableand the machine switched
of automaticdly if the sampleruptures. The number of
load cyclesisdisplayed viaadigital counter andregis-

TABLE 1: Composition of freemachining mild steel used in

thisinvestigation

Substance S Mn Fe Cr Mo Ni C S
Wi%  0.37 1.14 96.565 0.14 0.88 0.62 0.0613 0.22406

TABLE 2: Composition of the stainlesssteel metallic bond
layer
Substance Cr Al Mo Ni Fe
Wit% 9.0 70 55 50 baance

TABLE 3: Powder proportionsused in the plasma coating
process

Group Magnesum Aluminum- Molybdenum Density

number Zzirconate% Bronze% % g/cc
A 90 5 5 4.65
B 20 0 10 4.77
C 90 10 0 4,54
D 85 10 5 4.77
E 85 5 10 4.89
F 0 0 100 9.0
G 0 100 0 6.7
H 100 0 0 4.3

TABLE 4: Operational parameter sof theplasma coating pro-
cess

Spindle Plasma
speed to gasflow
rotatethe (g/h)  Current Voltage Spray Spray
sample Nozzle DC DC digance rate
during A (A) (V)  (mm) (g/h)
. r. H,
coating
(RPM)
15 GH 10.081.89 500 70  76-127 0.535

125
Lh

1486

#

Bezel 1 x 45°
Figurel: Testing bar dimension accordingtothefatigue
testing apparatusof WP 140type

I&;TOGZ%
7

Figure2: Thefatiguetesting appar atusused in thiswork.
Spindlewith samplereceptacle(1), Drivemotor (2), Load
device(3), Switch boxwith thedectrical control and counter
(4), extension (7), Protectivehood (8)

[
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Strees (MPa)

12+3 1el—4 IeI—E- Te+d

Log (num berofcycles at failu re)
Figure3: Therelation between theapplied stressesand
thenumber of fatiguecyclestofailure

Figure4: Thetwodistinguished r egionsof theuncoated
specimen after fatiguetesting. X-istheline pattern re-
gion, Y-isthegranular region, Fatigue stress=200 M Pa
M agnification 20x

tered for each test.

A sdlected number of samplesweretakento study
the mechanism of fatigueusing SEM. So, the samples
werechosento cover the substrate beforeand after coat-
ing. For thispurpose, the samplesthat gavethebest fa-
tiguebehavior andthosegavetheworst inadditiontothe
uncoated specimenswere selected. The samplespre-
pared to conduct SEM test using SHIMADZU SSX-
550 Super scan type apparatus.

RESULTSAND DISCUSSIONS

Therelation between the applied stressesand the
number of fatiguecyclesto failurewereplotted for the
uncoated and coated specimenstested inthisinvesti-
gation (Figure3). Itisclear that if thetest isrepested at
higher stresslevel, thenumber of thecyclestofallure
will be smaller. On the other hand, the best fatiguere-
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TABLE 5: Improvement per centagesof thefatiguelifeof the
coated materialswith relativetotheuncoated specimen.

Coating Improvement % at Stress (MPa)

Material 480 420 360 300 240
F 82 84 82 78 74
G 74 78 79 77 70
C 72 7773 56 63
A 71 75 66 54 62
B 12 19 41 29 29
E 04 12 07 15 03
D 0.4 11 02 14 -
H 0.02 09 16 12

Note: The order in the table is from the best to the worst.

sults were those of the steel specimens coated with
100% Mo(Group F) followed respectively by those
coated of 100% Cu-10 Al powder(Group G), 90%
Zr02-24MgO+10% Cu-10Al (Group C), 90% ZrO2-
24MgO+5% Cu-10Al + 5% Mo (Group A), 90%+
10%Mo(Group B), and the dightly better fatigue be-
havior of those coated with 85% ZrO2-24M gO+5%
Cu-10AI1+10% Mo(Group E), 85% ZrO2-24MgO
+10% Cu-10Al1+5% Mo(Group D), and 100% ZrO2-
24MgO(Group H). The percentages of improvement
at each stressfor each material with relativeto theun-
coated specimen (Group X) areasin TABLE 5. The
improvement of thefatigue propertiesisduetothein-
troduced compressiveresidud stresseson surfacelayer.
The best results of the specimens coated with pureMo
may bedueto itsBCC crystal structure becausecyclic
|oading can produce microscopic surfacediscontinuities
resulting from did ocation dip stepswhichmay adso act
asadressraiser a thesurface, and thereforeasacrack
initiation Steswhichisacharacteristic of the FCC type
of structure dueto its high stacking fault energy and
rare for this type of structure. The copper-bronze
mixture coated speci mensfollowed immediately theMo
coated specimens. Thisisdueto the presence of cop-
per which increasesthefatigue propertiesasreported
byt?. Moreover, the copper-10Aluminum bronzeasan
aloy by itsdlf has good fatigue strength asreportedin
[+ Theworst behavior under fatigue testing condi-
tionsisthat of the specimens coated with 100% ce-
ramic materials. Theseresultsdemonstratethat the ce-
ramic coating layer had moreinfluence onthe surface
crack initiation during fatigueloading and the ceramic
coating layersarefractured at an early stage of thefa
tigue process becausethey aretoo brittleto accommo-
datethe substrate and dueto the high difference of ther-
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Figure5: Thetwo distinguished regions of the coated
specimen after fatigue testing. x-istheline pattern re-
gion, y- isthegranular region, Fatigue stress=240M Pa
magnification 24x.

.n ar “ 5 " k.
Figure6: Crackmg in uncoated speumentaken fromthe
siteindicated in figure 4, M agnification 50x

Figure7: Crackingin otng specimen takenfrom the
siteindicated in figure5. M agnification 118x

mal expang onthat resultsintheproduction of unfavor-
abletensileresdud stresses. Thisisinagreement with
Kimeta.12,

Thefractured surface of the uncoated specimen,
which appeared under the SEM, isshowninfigure4. It
isclear that therearetwo distinguished regions (X & Y).
X- regionisthe smooth region containing curved lines
concentric pattern about the crack originand mark the

Figure8: Thedip stepsobserved the specimens coated
with only ceramic material. M agnification 5910x

250 o

&20 o

350 =

300 =

Strees (M Pa)

T T
1e+3 Ta=d 1e+5 iess

Log (num berofcycles at failu re)

Figure9: Log (stress)-log (humber of cycles) curves

progressof thecrack at various stages. Y- regionisthe
granular regionidentifiestherapid crack prorogation at
thetimeof failure. The sameregionswerea so clear for
the coated specimensthat have the best behavior (Fig-
ure5). SEM observations showed that theimprove-
ment of fatiguelimit of coated samplesisduetheinitia-
tion of thecrack dong theboundary of the smooth area
which takestimeto propagate whilefor the uncoated
specimen thecrack initiated at the boundary between
the smooth regionsand propagatesradia insdeitwhich
speeds up the failure. (Figures 6 and 7), which may
explain another reason for the best behavior under fa-
tigueconditions. |.e. the propagation of the crackstook
acircular path that gave morelifeto the specimen be-
fore propagating to the surface.

For the specimens coated with only ceramic mate-
ria, thesameregionswereobserved. Itisclear that the
dip steps, inthe smooth region, are caused by the mo-
tion of many did ocationsresulting from cyclicloading
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FigurelO: Thedeter mination of the constants by using
thelog-log curves

TABLE 6: ThefollowingtableshowstheconstantsK, b, 6’'F
for the coating groups

Group  Material percentage. K b o'F
90% (Zro2 24Mg0), 05% ]

A (Cu 10Al), 05% (Mo) 2332 0.1819 2701
90% (Zro2 24Mg0),0% )

B (Cu 10Al), 10% (Mo) 1613 0.1605 1736
90% (Zro2 24Mg0), 10% )

C (Cu 10Al), 0% (Mo) 2296 -0.1805 2728
85% (Zro2 24Mg0), 10% )

D (Cu 10Al), 05% (Mo) 1701 0.1704 1815
85% (Zro2 24Mg0), 05% )

E (Cu 10Al), 10% (Mo) 1702 -0.1692 1813
0% (Zro2 24MgO), 0% )

F (Cu 10Al), 100% (Mo) 2573  -0.1839 2900
0% (Zro2 24Mg0O), 100% )

G (0AI), 0% (Mo) 2077 0.1671 2411
100% (Zro2 24MgO), 0% )

H (Cu 10Al) 0% (Mo) 1735 0.1704 1824

X (Mild Steel ) 1676 -0.1685 1792

TABLE 7: Thefitting equationsand theconstantsasdeter-
mined by log-log curves

Group Equation A B R?
A %83&’?1%%?@1 23773 -0.1847 0.997
B 'I-ggﬁi‘%llgig 15552 -0.1556 0.991
c 'I-ggﬁigéﬁ 2401 -0.1844 0.995
D 'I-ggﬁigggg 1622.9 -0.1645 0.994
E 'I-O%g[flfaj‘géggg 16195 -0.1636 0.995
F %(;’gﬁi'%j%% 25562 -0.1823 0.998
G %(;’gﬁi'gégig 21443 -0.1694 0.990
H %O%Q&aj'g:;ﬁg 1627.7 -0.1647 0.994
X %ggﬁi-%é%%g 1596.6 -0.1636 0.997
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(Figure8). Thisiscommon for the ductile engineering
materialsbecausethe crysta grainsthat havean unfa
vorableorientation relativeto the applied stressfirst
develop dip steps. Additional dip stepsformasmore
cyclesapplied and their number may become so large
that therate of formation dows, with thenumber of dip
steps approaching asaturation level. Individual dlip
bands becomemore severe and somedevel op cracks
withingrains, which then soreadsinto other grains, joining
with other similar cracks, and producingalarge crack
that propagatestofailure. Thisisinagreement withwhat
has been reported ini29,

For themodeling purposesof thefatigue behavior,
thelog-log plot (Figure 9) wasdetermined. Onthisplot,
SN dataarefound to approximate astraight line. So,
Wohler gpproach usng Equation 2 can begpplied. Using
thelog-log plot, thevaluesof A, and the exponent B,
weredetermined according to the approach suggested
in®, Inthisapproach, thedopeof thelinewill giveB,
andAisthevaueat n =1 (Figure 10). Theresults of
thisapproach areshownin TABLE 7.

CONCLUSIONS

After discussingtheresultsof theachieved work, it
can be concluded:

1. Thebest resultswerethoseof the specimenscoated
with pure Mo followed by those coated with the
copper-bronze mixture.

2. Theworst behavior under fatiguetesting conditions
isthat of the specimens coated with 100% ceramic
materias.

3. Thehigher thedengty of the powder, the better the
fatigue behavior and the crystal structure of the
coating material wasfound to influencethefatigue
properties.

4. SEM observations showed that theimprovement
of fatiguelimit of coated samplesisduetheinitia-
tion of the crack a ong the boundary of the smooth
areawhich takestimeto propagate whilefor the
uncoated specimenthecrack initiated at thebound-
ary between the smooth regions and propagates
radial inside it which speeds up thefailure. The
mathematical model of thebehavior o =K(N,)"is
found to suit theresults of thefatiguetest for all
coated and uncoated specimensregardlessif there
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isanimprovement or not inthefatigue behavior.

TheconstantsK and b of the equation in conclu-
sion 4, which are considered as aproperty of the
materid, weredetermined for al coated or uncoated

groups.
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