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e The Donald’s effect establish a good correlation between driving force and
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e The strange values of AKy, found in MASS can be explained by the crack
closure

e For this material the crack closure is induced by roughness

e To explain the load ratio effects in MASS is vital to include Knax and crack
closure

e The influence of K. and AK on the FCG vary with the change in the FCGR
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Abstract

In this paper the fatigue crack propagation behasfi@n austenitic metastable stainless steel BBLN

in the near threshold region is studied. The stiseld in this research is investigated in two dffier
microstructural conditions: annealed and cold bilEhe results obtained of the fatigue crack gronath
curves in the near threshold region are contrastédprevious results obtained in the same stagljrb
the Paris region. This comparison shows that thehar@sm that controls the fatigue crack advance in
this material differ as a function of the levelAK applied, which is linked with the zone of austeni
transformed to martensite. In the near thresholflore the load ratio effect cannot be completely
explained by the concept of two driving forces, ethseems to work in the Paris region. An altermativ
method is proposed to explain the contributionhef ¢rack closure to the fatigue crack growth rasesed

on the ASTM method and the ACR method proposed by#&nald et al. According to the different
analysis performed, the crack closure induced lnghoess seems to be the main mechanism causing
crack closure in this material. Finally, a new maeter to quantify the effective driving force arieb t
influence of the load ratio is proposed, basedherntwo driving force concepts, the contributiorcodck

closure induced by roughness and the trajectory pnayposed by K. Sadananda and A.K. Vasudevan.

Keywords : Fatigue crack propagation; Metastablstemitic Stainless steel; Crack closund and Kyay
Martensitic Transformation.

1. Introduction

The metastable austenitic stainless steels (MAS$S)raterials that have the martensitic transformnatis distinctive

feature, among others [1]. This transformation barinduced by stress or strain and it depends arymariables (i.e.


http://ees.elsevier.com/ijfatigue/viewRCResults.aspx?pdf=1&docID=5334&rev=0&fileID=233971&msid={B237FB80-1307-4011-9283-D0A683B5F488}
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temperature, composition, stress, strain, straie, Etress state, etc.) [2-3]. The particular nstueture of this kind of
material is responsible for the high strain hardgrénd excellent ductility. These last two featunggke them highly
desirable in the automotive industry.

Recently, the behavior of the MASS AISI 301LN (thaterial used in this investigation) under monatdoad has been
studied in thin sheet of annealed and cold rolleelcBnens (the same conditions used in this invatstig)[4-6]. The
results showed an increase in yield stress witd oaling, and better ductility in annealed conaliti{4-6]. However, it is
not possible to extrapolate properties like yieldess to fatigue properties or to the fatigue crackpagation
characteristics [7-8]. In thin walled component® growth of a crack until a critical crack lengtnstitute failure criteria
[9] and since car components are subjected toclmdiding, the use fracture mechanics parametechdcacterize the
fatigue life in thin specimen of MASS seems morprapriate.

The effects of martensitic transformation in thigiae crack growth rate (FCGR) on MASS have beadist in the past
[10-13]. However, to the best of the authors knalgks there are only two studies of fatigue cradppgation behavior in
the near threshold region [11, 14] and none in rikar threshold region at temperature below the ¢eatpre of
martensitic transformation of thin sheet specimeéf'e common conclusion of all these studies is thattensitic
transformation decreases fatigue crack growth rates

In a previous paper [15-16], it has been showntti@influence of crack closure in the FCGR of MAIS $1significant in
the Paris region. In fact, in the literature théenot conclusive experimental evidence of cragksute induced by
martensitic transformation. However, in the neaeshold region other mechanisms that can induak al@sure become
active, as crack closure induced by roughness [17].

This paper presents the results of fatigue craokdr tests in a MASS in the near threshold regidre results obtained
from the assessment of the fatigue crack growth&FGehavior of the same steel used in this resdaumctin the Paris
region [15-16] will be also used. In particularrete observations will be considered. Firstly, tlegght of the zone of
martensitic transformation around the crack inazsagith the increase of the range of stress irtiefesitor. Secondly, the
maximum applied stress intensity factor(§ significantly contributes to the fatigue crackvarg force. Thirdly, there is
no experimental evidence that suggested the egisteina mechanism of crack closure induced by pbhaege.

This paper is similarly organized to paper [15-46} the FCGR curves are plotted as a functioneftime parameters
that were used in the Paris region, which will biefty introduced. Additionally, the FCGR curvestained in the paper
of reference [15-16] will be used. The main objestiof this paper is to show that the effect of nasital and
microstructural variables that influence the FCGRMASS can be explained taking into account both ttiaditional
concepts of crack closure and the influence ofetffects associated to the maximum value of theiegtress intensity

value, Knax
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2. Specimen, material, and testing

Figure 1 shows the stress - strain behavior at room teryreraf the MASS AISI 301LN used in this investigat As it
can be seen ifrigure 1, in the annealed steel the material has a higlinstrardening. This can be attributed to the
composite strengthening generated by the marteausite@o the increased dislocation density [B8gure 1 also shows the
stress - strain curve obtained at room temperdturéhe material in cold rolled condition (with tlagplied loading axis
perpendicular to the rolled direction). The stesleived in cold rolled condition has a yield strieggher than in annealed
steel. Previous studies have shown that in col@datondition, the MASS AISI 301LN has a stressrain curve that
depends on the microstructure direction [4]. Thesst - strain curve depends on, among other vadatite temperature

and strain rate [19-20]. The chemical compositibthe steels in annealed and cold rolled conditisristed inTable .

Table 1. Chemical composition (wt. %)

Fe Cr Ni Mo (3 Si P S Mn Cu N

Annealed — 1 mm Bal 17.86 6.42 0.24 0.015 0.471310.00.007 1.495 0.173 0.094-0.145
Annealed - 1.5nm Bal 17.98 6.78 0.23 0.012 0.548 0.031 0.004 1.56D50 0.094-0.145
Cold-Rolled — 1.5 mm Bal 1794 6.30 0.18 0.016 8.510.032 0.005 1.481 0.135 0.094-0.145

1400 ~

1200 A
800 A
e A|S|301 LN annealed

600 -
== A|S| 301LN cold rolled

Stress [Mpa]

400 A

200 4

0 T T 1

0 0,2 0,4 0,6
Strain

Figure 1. Stress-Strain curve for an AMSS in annealed condition andaliédi condition.

The fatigue crack growth tests were carried outubing single edge notch tension (SENT) specimehs. SENT
specimens of this study were obtained from thireshef 25 cm by 84 cm, which were machined usimgter jet cutter.
The specimens were designed as showigre 2. Once the specimens were machined, one of the@sfaas electro-
polished in a solution of 5%vol perchloric acid &%% ethanol at 45 V.

On the other face of the specimen, the surface abasded with silicone-carbide paper of 320-gritbtind the Krak

gages®. The Krak gage® is the sensor used to nedkarcrack length during the tests. The cracktlemgas also
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measured using the compliance technique by meaa<li gage in the crack mouth [21]. The fatiguagck growth tests
were conducted in an Instron machine model 880h wibsed loop to computers for automatic test abrand data
acquisition. The specimens were held in wedge giipe details of the solution for the stress intgrfactor K of SENT

specimens with wedge grips can be seen in refef@bed 6].

Krak gage Clip Electropolished
gage zone
. . [} m|| Strain

™| gage

P Temperature

sensor

Figure 2. Schematic illustration of the SENT specimen used in thisstigation with the Krak gage,
the clip gage, the temperature sensor and the strain gage.

After fatigue tests, some of the specimens werd ts@bserve the crack profile and the zone transfd to martensite
around the crack, revealing the martensite by usirgplution of 100 ml ethanol, 20 ml HCI, 1.5 gRG, and 2 g
NH4FHF. Two other techniques were used to detect thegmce of martensite: micro-indentation and X-Rifyadtion.
Other specimens were used to analyze the surfactife in a scanning electron microscope.

The fatigue crack growth tests were conducted freguency of 20 Hz at room temperature, followihg K-decreasing
procedure [22]. In this type of tests the load dases with the increase in the crack length. Tferdnt types of test
were implemented: tests with constant load ratpgi®l tests with constakt..,, Because of no previous investigations on
the fatigue crack growth behavior in the near thoks of thin sheet of MASS could be found, the effeof the load
shedding rate (c parameter according to standadd)B@ere also evaluated.

The crack closure measurements were made usingcadure based on the ASTM offset method. In thidifiead method
the slope (compliance and open-crack complianc&)eofoad — crack mouth displacement curve is tdi@n the average
of the slope of the load and unload curve, in @sitwith the ASTM method where the open-crack caampk is taken
from the loading curve, and the compliance is takem the unloading curve. The procedure is deseckib reference [15-

16]. According to previous experience, an offsed%f was used to determine the crack opening logb(RKop).
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3. Results

3.1. Fatigue crack growth rate curvesin term of the range of stressintensity factor

Figure 3 shows the influence of the load ratio and thel Iskkedding rate on the Fatigue crack growthvataK curve in

the near threshold region of the annealed steel.clinves ofFigure 3 shows a decrease in the FCGR with the decrease of
AK, as expected. The FCGR. AK curve is not influenced by the load shedding.r&tee particular characteristic of the
behavior showed by this material in the region nbesgshold is that the fatigue crack propagatioaghold AKy,) changes
only a little from R = 0.1 until R = 0.5. When thatijue crack growth tests were carried ouR&uperior than 0.7, the

AKy, was almost half of the value obtained at lower

= R=0.1,C=-0,08 mm"

] & R=03,C=-0,12 mm"
e R=0.5,C=-0,065mm"

R=0.5,C=-0,08 mm"
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1E-5 4 >
4 R=07,C=-0,09 mm
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- o
&) o
~ <
£ g <)
E
Z. 1E-6 2%
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Figure 3. Fatigue crack growth rates. stress intensity factor range at different load radralie
annealed steel.

Similar to the results obtained for the annealedlsthe FCGR is independent of the load shedditegyfor the cold rolled
steel, as it can be seen in Figure 4. For the mleld condition, there cannot be observed anyarite of the crack plane
orientation in the FCGR. FaR superior to R = 0.5, théKy, is almost independent of the load ratio. In faot,AK lower

than 10 MPam, the FCGR is almost independent of Bhié R is higher than R = 0.5.
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Figure 4. Fatigue crack growth rates. stress intensity factor range at different load ratidtiercold
rolled steel.

3.2. Fatigue crack growth rate curvesin terms of K« and the two driving for ce parameters

The traditional explanation of the load ratio effets based on the crack closure concepts, fityposed by W. Elber
[23]. The crack closure implicates that there pemature contact between the cracks faces thdwaglihte applied load is
tensile; therefore, the effective fatigue crackiehg force is reduced. In this paper three methiodsalculate the\K o will
be usedFigure 5 shows the variation of the level of crack closasefunction ofAK, whereP, is the load point where the
crack faces make contact aRgly is the maximum applied load. The level of cradbsalre increase a&K approaches to
AKi, becoming of the order of 85% in the relationdRifP..,. However, a unique relationship betwedtandPy/P, .y for

R constant test cannot be established. This is enodic if the load ratio effects want to be conediain terms of the

effective stress intensity factok ), as it will be shown ifrigure 6b.

e R=05TL
e R=05LT
0,9 - = R=0.LLT
\ e R=0.1,TL
0,8 - ° -
1w
%
0,7 - % \ g
% S un oo "
E 0,6 k -me =y
@c . .* -'I
w05 ~wrllt3 E2NRmum p 00
041 . ¥
0,3 -
0Q2 T T T T T T T 1

0.5]

AK [MPa m

Figure 5. Variation of the relation §Pnax for test conducted at constant R for the steel in cold rolled
condition.
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Figure 6a shows the variation of the FCGR. AK¢ for the annealed steel. DefinintKg as in equation (1) and

determiningKy, as in paper [15-16], in this figure the curves temdpproach.

AKeff = Kmax_Kop 1

However, it is still not possible to gather togethk the curves into a master curve. A similanaiion is found irFigure
6b which shows the plot of FCG®. AK . for the cold rolled steeFigure 6b shows that even if a relationship between
AK and FCGR for R constant test can be establishednnot be done in terms &K, as it is shown in the curves of the
tests conducted at R = 0.5. Another problem is fdartle curve of the test for R = 0.1 in the cadtled steel wheAK ¢
is used as driving forcdsigure 6b. In this curve the FCGR decreases with the dser@aKy until AKy = 2.6 MPa,
from which an apparent increaseAi{y results in a continuous decrease in FCGR. Thguatcrack growth tests Etx

constant for the annealed and cold rolled specirden®sot show crack closure.

« R=0..C=-008 mm" = K =16MPa m™, C=-0,08mm”, LT
s R=05,C=-0,08mm" R=0.7,C=-0,08 mm", TL
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.i.; A R=03,C=-0,12mm" 57 = R=05,C=-008mm’, LT
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= ) R C=-0,08 mm", TL
Eips E 1E-5-
g =
z Z
Z
T s
-g A T 1E-64
‘ '
’ . ¢ y -
1E-71 " i 1E-7 4
< T T
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0.5
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AK [MPam™| AK  [MPam™]|
eff e

(a) (b)
Figure 6. Fatigue crack growth rate as a function of the effectivess intensity factor for (a) the
annealed steel, and (b) cold rolled steel.

Considering that the interference of crack surfatesot completely shield the crack tip from faggiamage, K. Donald

et al. [24] have proposed to calculate an effectivesstistensity factor range as:

2 2
AI{Z/Pl = AKapp - E(Kop - Kmin) @

Figure 7 shows the relationship between FC@R AK; according to the proposal of K. Donadtlal. for the annealed

steel,Figure 7a, and for the cold rolled steéligure 7b. Even though the Donald's effect does not ma#&d-tbGR curves
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collapse, this parameter is able to establish @ goorelation between driving force and the FCGRtésts conducted at
differentR for the specimens in annealed and cold rolleeéstdthe problem of the rationalization of the loatib effects

using the donald’s effect is that the same incoiewépreviously found using the traditional consegt crack closure still

persists.
* R=0.1,C=-008mm’ * K_ =16MPam™,C=-0,08 mm",LT
1E-59 » =05,C=- ot -
'; 372 g-gz:‘"‘ ’ ¢ R=07,C=-0,08 mm", TL
=07, C=-0,055 mm g
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P o < 47 R=00,C=-008 mm’, LT i
) . K = MPi ™ Ce 0l A ) e R=05,C=-0,08mm", TL > o
5 K_ =23MPam”,C=-0,l mm ﬂf\‘} 3 i 3 s
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g E
Z Z
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Figure 7. Fatigue crack growth rate as a function of the effedirkess intensity factor proposed by K.
Donald et al. (a) for the annealed steel and (b) the coktirstkel.

Since the explanation of the load ratio effectsedasn crack closure presents some inconsisterik@shiose previously
shown and other shown in other papers [25-27], takihg into account the necessity to relate the FeBavior as a
function of a proper driving force, D. Kujawski pased a crack driving force parameter, K*, thatdkculated by using

Kmax @nd the positive part of the range of stress sitgfiactor AK™), as follows:

K* = (Kinax)*(AK*)1 ™ ©)

Note that in order to describe uniquely a fatigyele two independent loading parameters are negcdsaKujawski's
parameter the contribution &, andAK* is determined by the value, which depends on the material propertiestaa
test conditions, among others variablEeggure 8 shows the relationship between FCG& K* in the near threshold
region for the annealed steel and the cold roltedlsTo correlate the load ratio effects in tlegion, thex value that was
found in the Paris region for each material [15-48F usediigure 8c and d. The results show that in the near thitdsho
region the Kujawski's parameter is not as succkssfun the Paris region, as it can be observeBignre 8a and b.
However, the correlation can be improved usingeaalue equal to 0.5, as it can be observeBigure 8e and f. In any

case, the results obtained are not as successfuttas Paris region.
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Figure 8. Fatigue crack growth rate as a function of the Kugjd's parameter for (a) the annealed
steel in the Paris region withequal to 0.6, and in the near threshold regioi (@) a equal to 0.6
and (e)a equal to 0.5. Also, for the cold rolled steel ifbthe Paris region with equal to 0.7, and in
the near threshold region with (€equal to 0.7 and (e)equal to 0.5.



3.3. Martensitic transfor mation zone

Figure 9 shows the diffractograms obtained from the sudécacture of specimens tested in the near thrdstegion.

The results of the x-ray analysis showed peaksusteaite and martesite, which indicate that inrdgion corresponding

O©CO~NOOOTA~AWNPE

to the crack path the martensitic transformatiomeomplete for both conditions (annealed and coltéd). The same
result obtained by x-ray diffraction analysis wasfirmed by etchedrigure 10 shows that even at hidfy in the near

threshold region (lowK); the martensitic transformation is limited to #rea of the characteristic microstructural size.

-——R = 0.1, cold rolled

—R = 0.1, annealed

—R = 0.5, annealed

——High R, cold rolled

e R

35 45 55

| 1

75 85 95

Figure 9. X-ray diffraction spectra of the fracture surface in afegand cold rolled condition.

T ¥ -
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ol &N

Figure 10. Optical micrograph of the fatigtie crack profile of the aee@ steel showing the

martensite phase in black.
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4. Discussion

Studies of different authors [28-30], and particylahe studies of A.K. Vasudevan and K. Sadanajda32], have
proved the necessity of including thg,, as a true driving force for the fatigue crack gitoFCG). By using the two
driving force parameters of Kujawski, it was potsito correlate adequately the load ratio effecta MASS in annealed
condition and cold rolled condition in the Parigiom, Figure 8 (a) and (b). However, in the neaeghold region the
driving force of Kujawski is not as successful asthe Paris region. In fact, the results obtainedhis region for the
MASS do not show the typic#l., dependence observed in most common metallic alleysexample, thaKy, at R =
0.1 is lower than th&Ky, at R = 0.3. This peculiarity becomes more evidérnhé FCG behavior in the threshold is
represented using &Ky, vs. Kiaxn CUrve, proposed by A.K. Vasudevahal. [33]. Figure 11 shows the fundamental
threshold curve obtained for the MASS in annealedddion. If the classification proposed by A.K.svalevaret al. is
used, this material in annealed condition has deecy to behave as a class V behavior, which diffesm the other
classes by the increase in the fatigue resistaiittetie increase in thk ... This type of behavior has not been found in
metallic alloys, only in some polymer materialsligolycarbonate, rubber modified polystyrene arlghpylchloride. In
these materials, this behavior could be attribtiettie rearrangement of the polymer chains to becstnonger. However,
in metals, that behavior could only be caused hyiresic factors, like the crack closure. For thregent materials the

crack closure is detected both in the region ne@shold and in the Paris region.

10 - 10 -
9 9 -

8 T 8-

- :i 7 -

g 6 E 6

= 5 = 5

F 4 Z 4

< 3 3
2 2 -
1- 1
0 . . . . 0 . . . . .
5 10 15 20 25 0 0.2 0.4 0.6 0.8 1

K, [MPa Vm] R

(2) ()

Figure 11. (a) Fundamental threshold curve for the annealed steel (b)idareft the AKy, vs. R,
showing an atypical class V behavior.

4.1. Influence of crack closure

Table 2 shows the measurements of the crack opening watg$ts conducted on the Paris region in both iiond. The
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results indicate that for this steel the crack wless independent of the austenite stability. €he, for this steel in the
Paris region the crack closure is caused by plastic by roughness or by a combination of both haisms. However,
the point to point variability of the crack closumeeasurements and because the estimation of tlek opening
displacement is on the same order of magnitude thaghness (seigure 12), it may be assumed that for this steel the

crack closure is caused only by roughness in this Region.

Table 2. Crack opening stress for a thin sheet of 1.5mm thickness AMSS at R = 0.1 but for
different testemperatures.

R=0.1 R=0.1 R=0.1 R=0.1
Cold rolled Cold Rolled Annealed Annealed
T=80C T=24C T =80C T=24C
Po/Prax 0.24-0.28 0.28-0.33 0.24-0.28 0.24-0.28
40 I R=0.1
60 - | m—e—tp
{ - = pc
50 -
| / Smax
il Roughne
= 40 ,l / RUBITNES Zoneof
=5 5 / supercritical
/ / martensitic
) / transformation
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R B T —— o
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Figure 12. Representation of the size of the microstructural charsiitedimension and from the
monotonic (y) and cyclic (5o plastic zones and the maximum crack tip opening displacement
According toFigure 6, 7 and8, the driving forces based on crack closure areensoiccessful to explain the load ratio
effects than the Kujawski's parameter in the regiear threshold, whereas thi€s proposed by K. Donald al. is more
successful in explaining the load ratio effectantlize AKy proposed by W. Elber. Since the plastic zone amtfiof the
crack tip is limited wherK is neardKy, the contribution to the crack closure by plasfics limited in the region near the
threshold. Besides, the results from the complianeasurements in the Paris region, where the nstitetransformation
was extensive next to the crack, indicate thateti®no crack closure induced by phase transfoomatiherefore, it may
be assumed that for this steel the crack closucaused only by mechanisms of crack closure speaifthis region such

as oxide or roughness. Of these two mechanismghrass induced crack closure appears to be thedopshant as, for
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example, for the same R at the salikeor the same range of crack mouth opening disptece, the relationship between
Po/Pmax IS always higher for the specimens in annealediition, which have a higher roughness. Howeverikenlvhat
happens in the Paris region, in the near threstegtbn the crack closure seems to play a significale in the FCGR of
MASS.

As mentioned before, the FCG behavior of this alenksteel in the near threshold region is not vibaisually observed
for metallic alloys. Without invoking the controggrof the FCGR dependency in.k& and without expectingKe to be
the only driving force for FCG; if the crack closumechanism shields the crack tip from the fatigamage changing its
intrinsic behavior, the crack closure measuremshtauld be higher for the load ratios R = 0.3 and (R than the
measurement obtained at R = OThble 3 shows measurements of th&.; obtained at threshold and the relationship
P,/Pnax Both relationships show that the reduction i ¢hack driving forceAKcx) by the crack closure is higher at R =
0.3 and R = 0.5 than at R = 0.1. To prove if thekr@dosure in the MASS in annealed condition wdateel to roughness
mechanism, the fatigue crack profiles were analyfégure 13 shows two SEM micrographs of the crack profilame
threshold at R = 0.1 and R = 0.5. The complete amakyf the crack profiles at different load ratgl®ow no significant
differences in the roughness for all load ratiaglgd. Based on the roughness analysis, an irgiieals,, in the tests
carried out at R = 0.3 and R = 0.5 would not be etgzbto occur. A. J. McEvily et al. [34] have aldescribed the
response of materials in the region near threshotdbased on the crack closure. The analysis & McEvily et al is
used to try to establish the source of crack c$or the material of this research. However, atiogrto these authors, if
the crack closure were caused by roughness, the K, should be equal for all load ratios. As is showTable 3
this situation does not occur. Therefore, and simsimilar results could be found in the literaflit is concluded that for
this material, the crack closure could be inducgddughness in combination with a closure mechargpstific of this

material.

Figure 13. SEM micrograph of the crack profile in the annealed ¢é9eat R = 0.1 (b) R = 0.5.

Table 3. Relationship betweetiKerr, Ko/Kmax and Ky vs. R.

R=0.1 R=0.3 R=0.5 R=0.7
AK et 2.2 15 1.6 2.6
K o/Kmax 0.76 0.88 0.88 0.82
Kop* 7.3 12 134 12.8

* For a FCGR of 3.6 x I0(mm/cycle)

It can be seen frorRigure 6, and taking as reference the curves without cloéiast conducted atyK, = 23 Mpaym in
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the annealed steel and,i = 16 Mpavym for the cold rolled steel), it may be said tHa AK; proposed by W. Elber
overestimates the contribution of crack closuréhandecrease of the FCGR. These results agrediveitanalysis of A.K.
Vasudevaret al. [35], which considers that when crack closure is indungdoughness, its contribution to the decrease in
AKg is lower than expected, according to &y proposed by W. Elber. His hypothesis states thbtvibthe point where
the crack faces make contact, there is not fatdareage. Somehow, the analysis of Vasudetah. is analogous to the
Donald’s effect. Both analyses consider that tligdfa damage occurs even when the crack faces gariial contact. In
line with this rationalization, the analytical estition of the contribution of crack closure dependsthe crack faces
point-to-point interactions. For this reason, aquei function to describe the contribution of clests FCG for all cases
would be impossible. For this material in cold edlicondition, the main inconvenient of usiti§ as driving force is that

it could not establish a unique relationship betnié+ and FCGR for a given load ratio, as clearly shawhRigure 14.

To analyze this situation, the ACRn2 method progdseK. Donaldet al. [29] to determine thaK is used.
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Figure 14. Fatigue crack growth rate of the cold rolled steel at(Rl=and R = 0.5 (a) as a function of
AK (b) as a function oAK .

The ACRNn2 method [24] calculates thd ¢ through the relationship between real crack magéning displacement
(whenever it uses a clip gage in the crack moutth@fspecimen), and the crack mouth opening digpiaat that would
occur without crack closure. This method diffeienfrthe ACR method in the assumption that the fdisgibution should
be greater near the crack tip, while the ACR metimslimes that the force distribution on the cragkensurfaces is fairly
uniform. A more detailed explanation o this metli@dound in [24]. The ACR and the ACRn2 method wereposed to
have into account the contribution of the load bel&,, to FCG, an idea similar to the Donald’s effetinlike to the
Donald’s effect, this method is not based in therdeination of a minimum change in the complianaeve, but in the

relation between the real range of the crack maygéning displacement and the range of the cracktimopening
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displacement without closure [29]. The numericautes of both methods were compared in paper [@4{wo aluminum
alloys, and the comparison show that the resultgimdd by both methods were similar. However, ascticulation of the
ACRnN2 is not based on the determinationKgf, the analysis of the load versus displacementeceould give some

information about the anomalous results exposédgare 14.
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Figure 15 shows two loags. displacement curve obtained for the MASS in coltetbcondition at a\K = 10.3 MPa/m

at R = 0.1 but for different crack plane orientasidrigure 15a shows a change in the slope of lsadlisplacement curve
more noticeable than the one observeBigure 15b. The results obtained from the ACRn2 method hoevs in table I
and compared with thk,, Because of the ACRn2 does not provide valueK.gf a mathematical artifice was used to

convert ACRN2 irKg,, shown schematically in Equation 5.

Kop = Kmax — AKeff

Then, Koo — Kmax=8Keff _ Kmax—ACRnoAK ©)
Kmax Kmax Kmax
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Figure 15. Load against crack opening displacement for the cold rotéed & near threshold at R =
0.1 (a) TL orientation (b) LT orientation.

Table 4. Crack opening stress calculated using the m ASTM method a#dCiRa2 method.

Po/Pmax (MASTM Po/Pmax (ACRN2 Rougnessym)
method) method)
AK = 10.3 MPaym, R
-01,TL 0.55 0.44 4.3
AK =10.3 MPaym, R
=01 LT 0.77 0.43 7.2

Table 4 shows the results obtained from the ACRn2 methtithe modified ASTM method. No noticeable differenn
the relationshifPy/P, for the test with different crack plane orientasowas observed when compared in terms of the
ACRN2 method. This result would explain why cureesrelate well in terms oK and not ofAK (defined according to
the method used in this work). To understand wieyABTM method with the modification proposed instinork give

different values oK, for the steel with different crack plane orientat, the crack profile must be analyzedrigure 16

shows optical micrographs of the fatigue crack ifggiropagated in the near threshold region of &S8 in cold rolled

condition. From all conditions tested (annealedhim Paris and in the near threshold regions andl rolled in the Paris
and in the near threshold regions), the roughnmesisei near threshold of the cold rolled steel viieslowest. However, in
the specimens with crack plane orientation LT fopedks of roughness almost twice higher than tles atserved in
specimens with crack plane orientation TL. This|dobe the reason why th€,, detected with the modified ASTM

method was higher for the steel in crack planentatgon LT.

(@) o)
Figure 16. Optical micrograph of the crack profile in the cold rolled sfaght R = 0.5 LT orientation
(b) and R = 0.6 TL orientation.
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4.2 Crack path profile analysis

As shown inFigure 13 andFigure 16, in the region near threshold the crack path raegh is higher for the MASS in
annealed condition compared to steel in cold rodleddition, likewise, the peaks of roughness foarel bigger in the
annealed specimen compared to the cold rolled ses. The decrease in the fatigue crack roughnigsshe cold rolled
process in the near threshold region has been pitdously [36]. However, the explanation to tpleenomenon is not
clear. In dual phase steels with continuous maiteepbase, the pre-strain cause a reduction imesistance to the crack
growth of the martensite phase. In this contexd,dtack passes directly through the martensiteepf8g. This could be
the case of cold rolled specimens in this resedimatever the explanation, this could be a factwduto explain the
difference in the FCGR of the annealed and colikdatpecimens in the near threshold region. Howedwaeronsider the
effect of crack roughness quantitatively is a wifficult task. This is because the analytical noeth used to estimate the
effects of crack deflection consider that the kiekgth must be bigger than the cyclic plastic zamesondition rarely

observed in plane stress conditions, as foundiinstiieet specimens.

4.3. Surfacefracture

Another factor that can be used to explain theediffices in the FCGR between the steel in annealécald rolled
condition is the influence of the fracture moder ffe annealed steel in the near threshold regienfracture surface is
composed by flat facets immersed in a region veegular in appearance, as it can be sedfigare 17a and b. The
fracture surfaces in the near threshold regiorvarg similar regardless of the level of.l. In fact, the fracture surfaces
obtained in this region are very similar to the misgained in the Paris region at R equal to 0.1:18p The only
difference is that in the threshold region the fi&tets are more numerous. In previous studiesflahéacets have been
attributed to separation along the twin boundaB].[3his new preferential path for the crack growtds been attributed
to the decrease in the zone transformed to matéeasbund the crack path rather than to decreag&,iralthough, the
decrease in region transformed to martensite iserhby the decreasedk.

The morphology of the surface fracture obtainedhi near threshold region in the cold rolled sti#fers from the
obtained in the annealed steel. In this regiorstivéace fracture is homogeneous at lower magnificaseeFigure 17c),
but similar to the irregular region of annealedekts higher magnification (sdegure 17d). The main characteristic of

crack path in this region is that is very straight.
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Figure 17. SEM image of the fatigue fracture surface corresponding)tard (b) annealed condition,
(c) and (d) cold rolled condition.

The analysis of the mechanism that could intemra¢hé FCG behavior in a MASS reveals, that in tearrthreshold, the
mechanism of crack closure induced by the periadftection in the crack path is the main sourceepfrdation (in
addition to K.« which is a driving force inherent to the fatiguaak growth process). This analysis also reveals th
order to quantify the crack closure induced by tmess, other methodologies that the one proposdloebdSTM (which

is based on the concept of Elber) are necessaries

5. New Proposal. Correlation of the load ratio effects

Figure 18 summarizes the effect of the mechanical and micrciral variables on the FCGR of MASS. This Feur
shows that the FCGR can be related in terms ofathge of stress intensity factor (as in most metalloys), and that the
two main variables that influence the FCGR areltfael ratio and the martensitic transformation (esvipus studies in
MASS have shown). Also, different approaches useeikplain the effect of mechanical and microstradtvariables in

the FCGR (including the peculiarities that the mateunder study in this investigation has preséntae shown. Based
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on this analysis, a parameter capable of corrgatinthe FCGR curves into a master curve is pregos

Assesmentof different A
variables At high K,,,, some static modes of This implicates that at higher Ky, the

crack advance appear mmmmm)  influence of this driving force is even

Mechanical Variables: more important

*Range of stress intensity ‘

factor

*Maximum stress intensity

factor »
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*The load shedding rate

High crack growth rate
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Depending on the mechanisms of crack extension, it will be the influence of the mechanical driving forces

Figure 18. Schematic summary of the variables studied in this wamkl the effect of these on the
FCGR of an MASS.

Analyzing the results obtained in terms of the Kugki's parameter, the important role of paramef¢sand K, in the
fatigue crack growth changes with the variatiothia FCGR can be appreciated. The variation of dméribution of these
parameters to the crack advance reflects the atieran the mechanism that controls FCG. In thelsgtudied in this
investigation the mechanisms of crack growth armely affected by the microstructural changes (eresitic
transformation). The fact that the influence gf.KandAK on the FCG vary with the change in the FCGR hlasen
studied by K. Sadanandt al. [39]. These authors have proposed the analysis of tlisgehin the mechanism of crack
growth in terms of the driving forces, by using tin@jectory map. One approach for correlating thedlratio effects

including the change in the mechanism of crack ¢gnds/proposed in this paper, as follows:

K" = (o) “n (AK )~ (6)
wherea,, has the same physical meaning thanahgarameter in Kujawski's equation. For the MASS&imealed state,
the parameten,, varies between 0.6 in the Paris region (Completetensitic transformation of the microstructure
adjacent to the crack path) and 0.4 in the neastiold region (Partial martensitic transformatiérih@ microstructure
adjacent to the crack path). The valuagfequal to 0.4 in the near threshold is obtained ftioenresults from studies by
S. Kalnauset al. [40] who determined the value af for an austenitic stainless steel at temperatéineoomartensitic

transformation in the Paris region. Mathematicatg parameten,,, can be represented by tmgperbolic function shown
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in Figure 19. The correlation of load ratio effects obtainesing the equation (6) is shown kigure 19. Though that
equation (6) is obtained only from macroscopic peaters and without using the crack closure datareakults obtained
using this equation give a good correlation of R&g. However, and since the effects of the ci@dokure cannot be

denied for this material, the equation (6) is inpiete.
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Figure 19. Fatigue crack growth rate as a functiorkéf for the annealed steel.
The following expression is proposed to accountfiereffects of crack closure:

K = (Kinax) " (AK — g(y))l—am (7)

Or the following, which uses a more familiar paraene

Pi
The parametedK:z is a modified expression of the parameter propdsed. Donaldet al. This parameter was
Pi

1-a, 8
K = (Kimax)™ <AK1m> ( )

modified to include the previous analysis and #sults ofFigure 20, which show that when the crack closure is small
(Po/Pmaxtends to R), the ratio between real closurg éR ideal closure (fRis small. The ideal crack closure is assumed as
the case where the gap in the crack is completléyl foy a hard material when the load is beloyy. Rccording to
Figure 20b, the crack surface contact becomes harder contitthe increase in the relationshigf®,... The parameter

AK2 is calculated using the following expression:
Pi
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Figure 20. (a) lllustration of the load against crack opening displacemertcsiiowing the effect of
crack closure (b) Relationship betweefiPR.xand the change of the slope on the load-displacement
curve.

g9
AKz/pIm = AKapp - ?m (Kop - Kmin) (9)

where g, is equal to:

P
I (5 R) = Ln(a) 1o
Pmax
andd is a normalized expression of the relationshiiPfx and is equal to:

11
(- (12)
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Figure 21 Fatigue crack growth rate as a functiorkgf for the annealed steel.
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Figure 21 shows the correlation of the load ratio effectmgi®quation (8)Figure 21 indicates that the load ratio effects
can be satisfactorily correlated using a paramttar includes the crack closure and Hig, effects, as proposed in
equation (8). This same equation could be usedt®late the load ratio effects in the cold rolidel,Figure 22. The
curves plotted inFigure 22 were obtained using the sarag used for the annealed steel. This correlation cddd
improved for the cold rolled steel using the sdgabalue ofa,,. However, the correlation is quite acceptablds lhot
surprising that the same parameter can be usedrtelate the load ratio effects in the steels ineahed and cold rolled

condition, because the mechanisms that contrdr@@R for both steels are the same.
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Figure 22 Fatigue crack growth rate as a functiorkgf for the cold rolled steel.

Accelerated FCGR in the cold rolled steel compacethe annealed steel is associated with the iser@athe residual
stress generated by the martensitic transform@ti®i 6], microcracks and nucleation of incipientnovoids [15-16] and
the crack closure. To account for the decreasénénRCGR induced by the residual stress caused doyntirtensitic
transformation in the Paris region, an expressias derived in the previous paper [15-16]; whickhswn in equation

(12), wheré(x) is a parameter which takes into account the inffeeof variables that have an effect gp.K

Ky = (Kmax — ()% (AK*) ™™ (12)

Unlike the situation observed in the Paris regiohere the residual stress has a substantial irdeien the explanation of
the lower FCGR of the annealed steel compareda@dtid rolled steel, in the near threshold reghmn main difference
between the zones of martensitic transformatiofdth steels is that in the cold rolled steel canfduend austenite
transformed to martensite prior to the tests. Tioeee the importance of the mechanism of residtralss caused by the

martensitic transformation in this region is lowahen compared to the one expected in the Parierre®n the other
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hand, in contrast to what happens in the Pari®neghe crack path roughness is very different betwthe annealed steel
and cold rolled steel in the near threshold regidowever, and unlike the effects of residual stkghich only affect the
expressiorf(x) of equation (12), if the decrease caused by thekadeflection is estimated based on the analyssuesh
[41], the crack path roughness would affect both éxpressiorf(x) of equation (12) and(y) of equation (7). The

combination of equation (7) and (12) would resolan expression similar to:

K;:n = (Kmax - f(x))am(AK - g(y))l—am (13)

The parameter proposed in equation (13), whichssgn empirical parameter, can be used to exgiainlifference in the
FCGR, as a consequence of the microstructural blagaand the load ratio. In this occasion, thisapaater will not be
used because the effects of roughness could npudntified, and because of the techniques usece&sane the variation
of the zones transformed to martensite are nalsieifor aAK lesser than 16 Mpan (region where the austenite adjacent
to the crack path does not transform completelyntotensite). Therefore, the values of teri®$ and g (y) cannot be
adequately quantified. Future works will be aimedirsding new methods to estimate the real maxinafress intensity
factor and the range of stress intensity factdront of the crack tip. In this context, digital &@me correlation to estimate

the stress intensity factor directly, and the tvaoapneter model proposed by [42] seems to be progisi

6. Conclusions

The results of evaluations of the FCGR againsemffit parameters(K, AKq, 4Kym, K') for an MASS suggest that the
influence of K, (or commonly known as load ratio effects) can xglaned using a combination of parameters that tak
into account the contribution of K, AK and the crack closure. To explain the differemcthe FCGR, as a consequence
of the microstructural variables, different meclsamé were investigated. In the Paris region, theluas stress generated
by the martensitic transformation and the appearafcquasi-static fracture mode such as micro-cfackation and
incipient micro-voids, seem to be the most appedprmechanisms. In the near threshold region, rdekaoughness and
its implications as the crack closure induced hyglmess have great influence on the differencéi®fRCGR of steels
with different microstructural conditions. To adeanin the ideas proposed, the correct quantifinatiball variables
(roughness, internals stresses, and anticipatethatoof the crack faces, among others) becomesssang as well as
more detailed studies to understand which variaffects K, or AK or both, as the main driving force for fatiguack

advance.
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