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ABSTRACT

Mechanistic implications associated with resistance to fatigue
crack growth in three different microstructures of dual-phase Fe/2S5i/
0.1C steel have been examined. The tests have been conducted at both
near-threshold (< 1070 mm/cycle) and high (v 10761074 mm/cycle) growth
rates as well as atllow and high load fatios. The above tests have |
been acﬁompanied by fatigue crack closure measurements at different
stress intensities, AK. Both fine globular and coarse dual-phase
structures demonstrate exceptionally high resistance to crack growth
at near-threshold and mid-growth regions - perhaps the highest ever
observed in steels. The crack growth resistance has been observed to
be closely related to fracture surface roughness and crack closure
levels. The implications of such observations have been discussed in
terms of four mutually competitive mechanisms, namely, roughness
induced closure, roughness + plasticity induced closure, crack deflec-

tion and intrinsic microstructural characteristics.
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NOMENCLATURE

length'of the main crack

initial crack length

projected crack 1ehgth from the tip

total length of the crack surface from the notch tip
length of the deflected segment

length of the linear segment

angle of deflection from the plane of maximum tensile stress

specimen width

specimen thickness

crack length to specimen Qidth ratio
maximum applied load during fatigue cycfe'

minimum applied load during fatigue cycle

~load corresponding to crack closure in a fatigue cycle

- applied load range

maximum stress intensity during fatigue cycle
minimum stress intensity during fatigue cycle
stress intensity to cause fatigue crack closure
éffective stress intensity factor

)

effective stress intensity range (Kmax - Kc])

stress intensity range (Kmax - Kmin
threshold stress intensity range for no crack growth
nominal Mode I stress intensity factor rahge

average stress intensity factor range in a segment
non-dimensional surface roughness factor

ratio of Mode Il tc Mode I displacement

-jv-



load ratio (Kmin/Kmax)

critical load ratio above which roughness-induced crack
closure cannot occur

fatigue crack growth rate per cycle
nominal crack growth rate

average growth rate of a deflected crack



1. INTRODUCTION

1.1. Significance of Fatigue Threshold

It is well established that fatigue crack propaéation rates
(da/dN)} of a microscopically long crack can be characterized in terms

(1)

of the alternating stress intensity factor, AK. In steels, this
results in a sigmoidal variation in growth rate with respect to AK,
demonstrating three regimes with characteristic primary crack growth
mechanisms, Fig. 1.(2) The very low crack growth rates, below

6 mm/cycle, as represented in Regime A, have lately been of particu-

107
lar interest to investigators. Here the local crack growth rates
approach a single lattice spacing per cycle. The corresponding stress
intensity range is referred as the so-called threshold value AKO, below
which cracks remain dormant or propagate at experimentally-undetectable
rates.

When the concept of threshold and ultra-low propagation rate data
are utilized with the defect tolerance approach in design or for
fracture control procedures in situations involving high frequency/low
amplitude loadings, the distinct lack of reliable engineering data has
been a considerable limitation. Nevertheless, the use of such data has
been found to be vital in applications such as large scale nuclear and
coal conversion pressure vessels, turbine shafts, turbine blades,
alternator rotors, aircraft structures, chattering of tandem cold mill
rolls and acoustic fatigue of welds in gas circulators of nuclear _
reactors where high frequency low amplitude loading conditions may

(2)

prevail.



1.2. Review of Microstructural Influence on Ago

Recent studies have shown that near-threshold crack growth rates
are sensitive to several mechanical and microstructural variables, such
as mean stress or load ratio, residual stresses, frequency, environment,
monotonic and cyclic yield strength, crack size, grain size, inclusions,
etc. Among the microstructural variables, the grain size has received

much attention from several investigators.(3'18) At Tow growth rates

(3,6,7,13.14,17) have observed

and low load ratios, several workers
improved resistance to near-threshold crack propagation with'coarser
grain sizes. Generally speaking, both ferrite and prior austenite

4. (3,14)

grain size appear to demonstrate the same tren However, 1in

high strength steels a decrease in AKO with increasing prior austenite

(4)

grains is“observed. Ih most of the-studies; the érack profile near
thfesho]d is found to be associated with a rough and zig-zag growth.
The degree of roughness seems to increase with grain sizé. Various
explanations have been provided supporting such observations of rough-

(3)

‘ness, grain size and threshold AKO. Masounave and-Bai]oh have
considered near-threshold growth confined to specific crystallographic
planes. As a result, in coarse structures greater deviation of the
crack path from the plane of maximum tensile stress takes place.
According to Lucas and Gerberich(6) the grain size effect is attributed

(61) used the slip

to sub-grain cell structure. Lindigkeit et al.
revérsfbi]ity afgument where the resistance to crack propagation is
considered to be due to decrease in the rate of accumulation of
dislocation locally ahead of the crack tip. During the unloading part

of the cycle the dislocations are expected to move backwards in coarse



grains. Such a phenomenon is restricted in smaller grain sized
materials due to secondary slip planes in the same or adjacent grains.
For high strength steels this effect is explained through generation

(10,11)

of atomic hydrogen at the crack tip. On the other hand, for

high strength steels where a decrease in crack growth rate near thresh-
old with smaller grain size has been observed by Carlson and Ritchie,(4)
the effect of grain refinement to improve resistance to crack propaga-
tion has been considered as a possibility.

As a consequence of these micromechanisms which are possibly
occurring near the threshold region, an increased near-threshold crack
growth resistance can be explained due to possible closure effects,
(22,53,55) where some closure of the crack surface may take place at
positive loads during the unloading cycle. As the load ratio is
increased, hoWever, the crack remains open during the majority of
the cycle and the role of crack closure is expected to diminish
significantly.(2’5’7’12)

The grain size to yield strength relation in steel is well under-

(15,16) Showing that increasing

stood. Also, evidence has been provided
the yield strength of steel decreases its threshold values. As a result,
if a coarse grained material is used for better resistance to fatigue
crack growth applications, the strength has to be sacrificed or vice
versa. In most cases a compromise is the only solution. However,
recent investigations carried out on dual-phase steels (ferrite,

')(8’19'21) have revealed several interesting

a + martensite, a
phenomena related to the significance of microstructure in controlling

fatigue crack growth in the near-threshold region. It introduces a



very promising wayvof.improving the fatique threshold of low carbon
steels without compromising other mechanical properties. Suzuki and

McEvily(lg)

observed in AISI 1018 steel, a dual phase microstructure
with continuous martensite network results in an increase in strength
and threshold level as compared to a continuous ferrite network. The

~ continuous o' network was suggested to exert a strong constraint upon -
the'degreé of plastic deformation at a crack tip resd]ting in smaller
plastic zone size and hence higher AKO.‘ Such effects hqve further been
-investigated for a.number of steel compdsitions-and microstructures.(zo)
These authors have attributed high AKo'values for duplex a' network
structure due to the tortuous path taken by crack front near-threshold
and corresponding c]bsureAeffects. Such effects become less pronounced
withvan'increase in martensite volume fraction. The results of
Hasynczuk(ZI) demonstrate that threshold stress inténsitieS fof'fatigue
crack growth in AISI ‘1018 dual phase steels are unaffected by changes

in the distribution and volume fraction of martensite and dy' However,
comparing with .a different steel (Fe/2S1/0.1C), having a similar
microstructure, higher threshold is observed. This steel demonstrates

a rougher crack path. The high threshold is attributed to possible

(22) A consistently common feature

roughness induced crack closure.
observed in all the above mentioned works is that in Regime A the
crack grows through both ferrite and martensite phases.

 The results of different dual phase microstructures discussed so
far are difficult to compare. Besides different distributions and

volume fractions and a and o' phases, the important variables such as

grain size and strength were not always controlled, thus possibly



influencing the results. Further, all the tests were performed at low
load ratios (characterized by R = Kmin/Kmax)’ where closure mechanisms
(5,22,54) are suggested to predominate near the thresho]d. Therefore,
the conclusions are Tikely to suppress the understanding of any other
mechaniém, if assoéiated with microstructure. Hence the existing
information does not permit one to perceive all the mechanistic aspects
of microstructure during crack extension under cyclic loading. It
necessitates further insight, which could possibly lead to setting

guidelines for designing superior fatigue resistant microstructure of

dual-phase steels.

1.3. Characteristics of Dual-Phase Steels

The characteristic features of dual-phase (o + a') microstructure

are that they contain ferrite (&) as the ductile matrix with strong and

(23,24) Dislocated

(25)

tough second phase of low carbon martensite (a').
martensite is preferred for obtaining optimum properties. Such a
structure gives highly desirable tensile properties,lsuch as continuous
yielding from a low yield strength, high initial strain hardening rates
and excellent combination of ultimate tensile strength with ductility.

(26-29) (26-38) .ve correlated structure (volume

Several workers
fraction, shape, size and distribution of second phase) - property
(monotonic tension, hardness, Charpy impact, fractography, S-N curves
for fatigue) of dual phase steels and the results ére well established.
In the present work, to study the effect of phrases on fatigue
crack growth, Fe/2Si/0.1C steel has been selected. The tests are per-
formed on three types of dual phase microstructures viz. intermediate

quenched, step quenched and intercritically annea]ed.(30)



1.4. Objective of the Present Work

In 1fght of the above discussions, it is clear that with the
limited extent of information available in the literature, it is not
possibTe to make any viable mechanistic interpretation of microstruc-
tural influence of dual phase steels on fatigue crack propagation rate.

. The purpose of the present work is therefore to:

(1) establish reliable data base for programming a con-
trolled experiment (where the variables such as grain
sizevand yield strength are fixed) to understand the
mechanism of microstructurally-influenced fatigue

- crack growth;
(i1) obtain guidelines to design a superior-fatigue

resistance microstructure.



2. EXPERIMENTAL PROCEDURE

2.1. Material Preparation .

The material chosen for this investigation was Fe/2Si/0.1C steel,
the nominal composition of which is given in Table I. The material was
supplied by Sandié National Laboratory, Albuquerque, New Mexico, and
designated as 12-1-38. The vacuum induction melted steel was fully
killed with rare earth and cast in 23 kg (50 1b) ingot. The as cast
ingot was vacuum arc remelted and homogenized at 1100°C for 16 hours in
an argon-atmosphere. The ingot was then hot-forged in the 850°-1050°C
range to 76.2 mm (3 inch) square bars and controlled rolled (from 950°C
to 790°C) to 13.3 mm (0.525 inch) thick plate before being received at
Berkeley. Oversized compact tension and tensile blanks were removed
from the plate in L-T orientation. The blank dimensions were
approximately 12.7 mm x 70 mm x 76 mm (% in x 2 3/4 in x 3 in) and

12.7 mm x 12.7 mm x 70 mm (% in x % in x 2 3/4 in), respectively.

2.2. Heat Treatment

A11 the blanks were wrapped in stainless steel packets and
homogenized at 1200°C for 20 hrs and air cooled to ambient temperature,
in order to (a) ensure same microstructure and grain size to start with
and (b) protect the blanks from surface oxidation and decarburization.
Dual-phase, ferrite + martensite, microstructures were obtained through
three different heat treatment cycles, viz. intermediate gquenching (IQ),
step quenching (SQ) and intercritical annealing (IA), as shown in Figure

(30)

2(a). Based on the available information, the exact time-temperature

parameters of these cycles were established through trial and error



such that the variatidn of yield Strength of the matefia]s with three
different microstructures is minimum. Also, in order to obtain the

same prior austenite grain size, the austenitizing time and temperature
were kept constant for all three cycles. The heat treatments of dual-
phase structures werevperformed in an electrical resistance vertical
tube furnace under argon atmosphere. The blanks (two numbers of compact
tension and one tensile - per set), pertaining to a heat tfeatmenf

cycle, were simultaneously treated.

2.3. Machining

Both the tensile and compact tension (CT) specimens were finally
machined fo]]owingﬁheat treatment by removing a surface layer of 3.2 mm
from all faces and edgeé. The purpose .of this machining was to
minimize any influence of residual stress due to heat treatment.(4o)

Care was taken with the depth of cut and cooling in order to refrain

from generation of any localized stress during machining.

2.4. Mechanical Testing

2.4.1. Tensile Testing

Cylindrical sub-size tensile specimens of 12.7 mm gauge length and
3 mm gauge diameter, in accordance with ASTM specification E8-69,(4])
were used (Fig. 3(a)). The 1§ad1ng direction of the specimen was kept
perpendicular to the rolling direction ofvthe material. Tests were
conducted at room temperature using a 'TT Floor Model Instron screw

machine (44.4 kN capacity), with a crosshead speed of 0.05 mm/sec and a

full scale Toad of 910 kg. The engineering yield strength was



determined as 0.2% offset value. Four specimens were tested for each

heat treatment.

2.4.2. Fatigue Crack Propagation

Compact tension specimens in L-T orientation, as per ASTM Standard

(39)

399-78a, has been used (Fig. 3(b)). Fatigue crack propagation

experiments were performed on a 98 kN electro-servo-hydraulic MTS
testing machine operating under load control and 9.8 kN range. Tests
were conducted at room temperature (22°C) and laboratory air. The

frequency used was 50 Hz and wave shape was sinusoidal. Crack growth

(43-46)

was monitored using dc electrical-potential technique capable of

detecting increments in crack length of the order of 0.01 mm. The
experimental setup is demonstrated in Figure 4. Near-threshold growth
rates were approached using a load-shedding (decreasing stress intensity)
technique in which a procedure of successive load (or AK) reduction,
initially in decrements of 10% and near AKO, in decrements of 5%,‘

followed by crack growth was performed. Details of this experimental

(2,21,47,48)

procedure have been described elsewhere. The tests were

conducted at load ratios (R = /K ) of 0.05 and 0.75 where Koin and

Kmin ma x

Kmax are the minimum and the maximum stress intensities during each

cycle. The stress intensity range AK was determined using the following

(42)

expression:

AP(2 + a) 2

777 (0.886 + 4.64a - 13.32° + 14.720° - 5.60%)
B/W (1 - a)

K =

where AP - applied load range
B - specimen thiékness

W =~ specimen width
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and o = a/W, i.e., the crack length to width ratio; this expression

is valid forra/w > 0‘2.(52)

During load changing, the actual AK was calculated at the
corresponding crack length a, determined from electrical potential cali-

(44-46) In order to minimize premature crack arrest and crack

brations.
growth retardation effects due to residual compressive stresses generated
in front of the crack tip, the crack length increments - 6ver which
measurements of growth rate are taken - were kept at least four times
larger than the mondtonié plastic zone size generated at the previous
1oad'1eve1. The threshold stress intensity, AKO, was defined at the
highest alternating stress intensity at which no crack growth could be
detected within 107 cycles, or in terms of a maximum crack growth rate

of 10'8 mm/cyc]e.<2) For each fatigue test_a pair of fatigue crack
growth rate, da/dN vs. alternate stress intensity, AK curves were
obtained, feferrﬁng to Tow and high load ratios. It is important to
_noté that the projected crack length (aO + ap) is considered for AK
calculations. The total length of crack surface (ao + aT) provides only
an indication of the 'degree of roughness,'* when compared to projected
length for different crack profiles. The differences in these crack
lengths, which is a conéequence of fracture surface roughness, is
schematically shown in Fig. 5.

In the present set of experiments, the near-threshold growth data
were.obtained at two different load rétios from the same fatigue test.
The specimens were first subjected to Tow R (= 0.05) and 4K correspond-
ing to mid-growth regime. Once the threshold was obtained at low R,

both Kmax and Kmin were readjusted for high R (= 0.75). Then, by

*

Degree of roughness, as presented in Table III, is defined as the per-
centage change in projected crack length due to roughness and is
expressed as ((ar - ap/ap) x 100), where ar = total Tength of crack
surface and ap = projected crack length.
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subsequent load shedding - in decrements of 5% - the near-threshold
regime data were obtained at high R. Once the threshold was reached,

keeping the same Kma the Kmi was reduced corresponding to R = 0.05.

x’ n

Then by incremental load-shedding mid-growth range data were obtained.
The tests were terminated at AK corresponding to the crack growth rate

4

of 107" mm/cycle.- Using this procedure, two specimens were tested for

each heat treatment in order to cross check the results.

2.4.3. Crack Closure Measurements

A set of six strain gaces were fixed in pairs at three locations
on the compact tension (CT) specimen such that at each point one gage
records strain parallel and the other perpendicular to the loading axis.
The gages were of CEA-06-062WT-120 specification, 1éOO + 0.5/Q with a
gage factor of 2.10. The two flat faces and the back face of the test
specimens were chosen for gage fixing. The gage Teads were connected
to the strain meter at constant temperature (22°C) throughout the test.
Details about the setup is elaborated in the schematic diagram (Fig.-
6(a)) and actual arrangement (Fig. 7). The entire setup is completed
before commencing fatigue crack growth experiments. Zero setting with
respect to dummy gage was performed. With the fatigue test in progress,
strains were measured corresponding to a wide range of AK from mid-
growth regime to near-threshold.

- When strain measurements for a spe;ific AK were to be performed,
the MTS machine was parked idle at zero span. The load limits Pmax and

p for that AK was determined. Corresponding to one cycle, the

min
machine load was first increased and then decreased manually. At small

increments of loads, between Pmin > Pmax > Pmin’ the strain at each gage
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was recorded. Relative strain vs. load plots were obtained for each
gage, as éhown in Figure 6(b). The load corresponding to the change in
slope of the curve gives the closure load, Pc]' A mean of Pc] obtained
from the narrowest scatter of six such Va]ues was considered for

calculating K

cl’

2.5. Optical Metallography

- Three specimens were removed frqm every CT specimen once the
fatigue test was éomp]éted. Two of these specimens were prepared for
surface and cross section metallography so that the homogeneity of
” microstructure and volume fraction of ferrite and martensite phases
could be investigated. - The third specimen contained the entire crack
path, from the notch to the crack tip at the end of the test. This
specimen'was prepared with the objective to estimate the true crack
profile length as compared to point-to-point direct crack length
(refer to Section 2.4.2) and also to observe the characteristics of
fatigue crack path at differeht-AK values. Due precautions were taken
while secfioning and polishing these specimens in order to protect the
crack profiles from getting damaged. Both etched and unetched micro-
graphs were obtained. 5% Nital was used as etchant. In order to
estimate the prior austenite grain size, an intermediate quenched
specimen was po]ished and attacked with ferric chloride etchant

(49)

(6.25% FeCl, + 18.75% HC1 + HZO)'

3

Quantitative metallography techniques(so’S])

were employed to
determine the volume fraction of the two phases, ferrite particle size

and prior austenite grain size. The total length of meandered crack
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surface was measured from X80 times magnified image using a marker

chain. A Ziess Amtex optical microscope was used.

2.6. Scanning Electron Microscopy (SEM)

After optically investigating the crack profile, the cracked
specimens were broken open in liquid nitrogen for studying the fracture
surface aspects and variation in fracture mode during crack growth at
different AK values. The observations were made using AMR-1000 and
ISI-DS-130 scanning electron microscopes (SEM), operating at 20 and

25 kV, respectively.
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3. RESULTS

3.1. Mechanical Properties

3.1.1. Uniaxial Tensile Tests

The engineering stress-strain curves for three different micro-
structures are shown in Figure 8. The yield strength of the three
‘microstructures vary in a close range from 590 MPa to 635 MPa. Con-

30) the shape of the step quenched

sistent with previous investigations(
curve demonstrates the highest strain hardening rate and highest tensile
strength while the intermediate quenched structure shows the opposite.
The intercritically annealed structure has properties in between these

two. The tensile test data are given in Table II.

3.1.2. Fatigue Crack Propagation

The fatigue crack'propagation curves (da/dN vs. AK) for IQ, SQ
and IA microstructures are summarized in Fiqure 9. The curves are
plotted for both high (R = 0.75) and low (R = 0.0S)vload ratios and
the threshold values at high and Tow load ratios for the three types of
microstructure are given in Table III. Referring to the data at R = 0.05,
in the mid-range of growth rates, the Paris law re]ationship(l) applies
and the slope of IQ and SQ are found to be almost parallel while the IA
has a steeper slope. The respective slopes, as determined from crack
growth curves (Fig. 9), are shown in Table III. The SQ and IA curves
1nfefsect, demonstrating the same crack growth in mid-growth region,

at AK ~ 26 MPav/m.



15

3.1.3. Crack Closure Measurements

The KC values at different AK were obtained for each microstruc-

1
’ ture. The relations obtained between AK and Kcl/Kmax are shown in
Figure 10. It should be noted that when no closure had been observed
for certain AK (i.e., the elastic compliance curve of‘Figure 6b has a
constant slope) the correspondingvKC] was considered as 'zero.' Hence,
Figure 10 shows that crack closure was not observed at R = 0.75. In Tow
Toad ratios (R = 0.05) the closure phenomenon rapidly increases as AK
approaches threshold AKO. Near-threshold, maximum closure was observed
in step quenched structure (Kc1/Kmax = (0.83) and minimum for inter-
mediate quenched structure (KC]/Kmax = 0.74). The closure level of
intercritically annealed structure was inbetween (Kcl/Kmax =~ (0.78), but

had a steeper decline with increasing AK. The IA and SQ closure curves

intersect at AK = 25.5 MPa/m.

3.2. Metallography

3.2.1. Crack Profile (Optical)

The crack profiles (both etched and unetched) of the three micro-
structures are presented in Figure 11. During the fatique test,
premature retardation in crack propagation rate had been observed under
standard load shedding procedure. At these points, crack growth rates

decreased abruptly below 1076

mm/cycle at relatively high 4K. Such
relevant points are shown on the crack paths with an asterisk (*).
Arrows on the crack paths indicate corresponding AK at different Toad
ratios. These_prémature crack growth retardation and AKO points for‘

intermediate quenched, step quenched and intercritically annealed

structure, at higher magnification, are shown in Figures 12a-c, 13a-e
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and 14a-e, respectively. Each feature is presented in unetched condi-

tion to observe the crack shape and the etched condition to observe

the influence of microstructure. The following interesting features

could be observed from Figures 11 to 14:

(a)

The crack propagates in the ferrite as well as martensite,
independenf of the applied AK or load ratio and as such
have no preference for either of the two phases. Such an
observation is common in all three microstructures.
Crack deflections, i.e., meandering from the plane of
maximum tensile stress, have been observed in all three
microstructures at mid-growth and near-threshold regions.
However, the degree of deflection (viz. kinked length and
angle) variéd significantly from one structure to another
(ref. Figs. 15 to 17). |

The intermediate quenched structure shows few such
deflections and comparatively smooth crack path. The
step quenched structure shows the roughest and the most
tortuous crack path. Here the crack deviates signifi-
cantly from the plane of maximym tensile stress. Such

effect is more pronounced near threshold (at both high

- and low R). The intercritically annealed structure

showed roughness inbetween the above two structures, with
an increasing trend as the threshold AKO was approachéd.
The indication of a 'degree of roughness' (as defined

earlier) of individual structure is presented in Table III.
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(c) A1l the premature crack growth retardation points and both
the thresholds at low and high load ratios, corresponding
to the three different crack profiles, are found to be
associated with the deflected regions of crack path. How-
ever, the crack profiles (Fig. 11) show many other deflected
regions where crack growth retardation was not observed.

(d) The etched microstructures of step quenched (Figs. 13 and
16) and intercritically annealed (Figs. 14 and 17) materials
revealed that ferrite/ferrite or ferrite/martensite inter-
faces are preferred crack deflection sites. Some
exceptions (Fig. 16a and b) do show deflection within a
ferrite or martensite for step quenched material. Such
features were not observed in intermediate quenched material

(Figs. 12 and 15).

3.2.2. Quantitative Metallography

Figure 2b demonstrates the etched microstructures obtained from
the three heat treatment cycles of dual-phase steel. The Tight and dark
areas refer to ferrite (a) and martensite (a'), respectively. Table IV
presents the quantitative metallography results viz. prior austenite
grain size, ferrite particle size and volume fraction of martensite of
the three heat treatments. It should be observed that since all three
heaf-treatments Had the same austenitizing temperature (1150°C) and time
(60 min), the prior austenite grain size is considered to be the same.
As a result, the presented data refer to the observations made on the

intermediate quenched microstructure.
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3.3. Fractography

The representative fatigue fractograph of the three microstructures
are shown‘near-thresho1d AKO (Fig. 18) and mid-growth region (Fig. 19).
Essentially, a cleavage type transgranular mode at near-thkesho]d levels
could be distinguished from typical "hill-and-valley" type facets. At
near-threshold stress intensities, the SQ shows (Fig. 18c) maximum
coarseness of fracture surface topography and appear to be consisting

~of so-called "shear facets.“(zo)

Such facets are not so prominent in

the IQ and IA structure. Although the IA structure (Fig. 18e) does not
show a very coarse topography, a continuous deflection in the crack face
is observed. The IQ shows a comparatively less rough surface (Fig. 18a).
In the mid growth region, the SQ continue to show similar characteristics
as near threshold while IA and IQ are fairly smooth as compared to -

near-threshold. The observations under scanning electron microscopy are

in close agreement with optical microscopic analysis.
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4. DISCUSSION

From the current studies on fatigue crack propagation in dual-
phase steel, it is apparent that any variation in microstructure has a
remarkable influence on resistance to fatigue crack growth. By
suitably designing a microstructure, the threshold AKO could be increased
without altering the yield strength of the material. This effect is
predominant both in the near-threshold and mid-growth regions.

In the present investigation, microstructural influences have been
observed in IQ, SQ and IA structures in Fe/ZSi/O.lC steel having similar
yield strength and prior austenite grain size. This approach is con-
sidered appropriate in order to understand the exact mechanisms
associated with microstructures in influencing fatigue crack growth..
Contributions due to any variation in yield strength and grain size --
which play very important roles on fatigue crack propagation(2’3’5’6’l7)

-- may not enable unequivocal interpretation of results.

4.1. Influence of Microstructure at Low Load Ratio (R = 0.05)

4.1.1. Near-Threshold Region

The current results reveal that [A and SQ microstructures have
almost two fold increase in threshold values (AKO = 17.1 ~ 19.5 MPavm)
as compared to IQ structure (Fig. 9 and Table III). To the author's
knowledge, this is the highest threshold ever observed in a low strength
steel. The differences in threshold AK  of the three microstructures
are in experimental analogy with crack closure measurements (Fig. 10

and Table III).
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During fatigue crack growth, some closure of the crack faces may

(47,53,59) It implies

occur at positive loads of the loading cycle.
that, shod]d physical contact between the mating crack surfaces occur
at positive loads of a fatigue cycle as a result of the local fracture
process, the driving force for crack extension would be effective]y
limited at the crack tip. The result of this is a reduction in the
stress intensity range, responsible for crack propagation, from a nomi-
T Ky

where Kc] is the stress intensity to close the crack and is 2 Kmin‘

nal value AK (= Kmax - Kmin) to an effective value AKeff (= Kmax

The significanée of crack closure in influencing fatigue crack grthh

(2,65)

has long been known. Accdrdingly, several "microscopic"

méchanisms of closure have been identifiedvbased on the role of:

(a) plasticity induced in the wake of an advancing crack(53)
(plasticity-induced crack closure);

(b} corrosion debris formed on the fracture surface(47’54’62)»
(oxide-induced crack closure);

(55,56) (roughness induced

(c) fracture surface asperities
crack closure).
The effect of oxide and roughness is prevalent near-threshold
stress intensities due.to the single shear (Mode I + Mode Ii) character

(54-56,64) and from the small magnitude

of the crack extension mechanisms
of the associated crack tip opening displacements.

| These mechanisms may operate alone or in combination in order.to
reduce fatigue crack growth rate. However, the metallographic and

fractographic features obtained after threshold tests (Figs. 11 to 14

and 18) exhibit that as the crack growth rate approaches threshold, the
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crack becomes increasingly rougher and tortuous. Therefore, it is
apparent that the closure levels observed near threshold is pertinent
to "roughness induced crack closure."

Comparison of the-different levels of crack c]osures (Kcl/Kmax)
at threshold (Fig. 10) and relative crack surface asperities (Figs. 12b,
13d and 14c) of the three microstructures reveals that with increasing
crack asperities there is an increase in closure level. This observa-

)

tion supports the two-dimensional geometric model(22 for predicting
crack closure near-threshold due to fracture surface roughness. The

model expresses crack closure as:

- 2yX
Kcl/Kmax 1+ 2vyx
where Kcl = stress intensity to close crack,
Kmax = maximum Stress intensity,
Y = average height/width of crack asperity,
and X = Mode II/Mode I displacement.

From the above results and discussions it can be inferred that
microstructure could be suitably designed to promote rougher crack paths.
Such a geometry aids roughness-induced crack closure to play a vital

role in improving the near-threshold AKO.

4.1.2. Mid-Growth Region

A particularly striking difference in the crack growth rate (above
1076 mm/cycle) of the three microstructures (Fig. 9) is supported by the

corresponding crack closure results (Fig. 10) and crack path roughness



22

(Fig. 11) at similar nominal AK. This could lead to the inferrence
that closure due to crack geometry continues to play a dominant role in
controlling the crack growth rafe at mid-growth region. Mechanisms
1ike roughness-induced crack closure may be activated at the larger
ACTOD's associated with crack growth at such high AK 1eve1s,(59) pro-
vided sufficient degree of faceted fracture morpho]ogy exists. However,
such an effect ie most prevalent at near-threshold stress intensities.
Also, at mid-growth region, where plane stress conditions often exist,
plasticity in the wake of the crack tip is likely to influence fatigue
crack closure. Nevertheless, Elber's concept(53) needs to be extended
further in order to expfein the rdughness dependence of closure at
higher AK. The following explanation has been suggested:

Mechanisms underlying plastic defqrmation due to residda] stretch
of material in tHe wake of anadvancing crack arewell underStood.(53’56)
If the crack face is smooth -- without'kfnks_(as in the case of the IQ
structure) -- such deformation would then be 1dent1ca1von the two faces
of the crack, i.e., a mirror image. However, when a rough crackvsurface
occurs as observed in microstructurally sensitive materials, viz. IA and
SQ structures, the deformation is not likely to be the same on the two
faces. As a result, in the decreasing part of the cyclic loading a mis-
match could be created between the two faces causing crack closure. For
the same nominal AK these closure values are expected to increase with
an increase in fracture surface roughness and a decrease in yield
strength of the microstructural phases forming those asperities.

Similar agreement between the experimental data suggests that a

rough crack geometry -- which presumably causes crack closure due to
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heterogeneous plastic flow in crack asperities -- contribute in reducing

crack propagation rate in mid-growth region.

4.2. Influence of Microstructure at High Load Ratio (R = 0.75)

As the load ratio is raised to R = 0.75, the near-threshold
¥atigue data (excluding the influence of crack deflection, which will
be discussed later) for the three microstructures (Fig. 9 ) exhibit a
considerable decrease in AKO values. The fact that the concurrent
closure measurements confirm Kc]/Kmax = 0 apparently indicates that
minimum stress intensity Kmin has exceeded Kc] and the crack remains
open during the entire loading cycle. Therefore, critical load ratio
for these structures Rcr is < 0.75, where the near-threshold growth is
not influenced by closure. However, at this stagé reasons for the
~ narrow range of variation in AKO valués_of the three structures, appear
to arise from crack deflection (a situation where the effective crack
driving force is presumably governed by the "intrinsic characteristic
of the individual microstructure"). |

In such drastically varying microstructures of the same material
(where the crack geometry is influenced and non-continuum mechanism of
growth prevails) there exists a likelihood that certain "intrinsic
microstructural characteristics" exert considerable influence. These
could be: (a) micro-residual stresses; (b) effective shear stresses
within the slip plane; (c) interface characteristics between ferrite/
ferrite and ferrite/martensite interphases as well as within each phase,
and (d) reactivity of each structure to environment. An analysis of the
tangible contribution of eagh of these factors towards effective AK and

crack growth rate, however, is beyond the scope of the present work.
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4.3. Evidence Supporting Influence of "Crack Deflection”

Characterization of fatigue crack advance under nominally Mode I
loading conditions is generally bésed on the premise that the path of
the crack is linear and that its plane of agrowth is normal to the
loading axis. However, as observed in the present experiment using IQ,
SQ and IA structures, pronounced deflection or branching of the crack
can occur due to local microstructural discontinuities. These results
- along with several existing evidence indicate that deflections in crack
_prﬁfi]e can cause marked alteration in fracture behavior in certain
cyclic loading situations where crack growth along the deflected
trajectory.occurs over several thousand cvcles. Under such circumstances,
both the value of the stress intensity factor (computéd from a Tinear
crack profile) and the heasured crack propagation rates (whfch ignore
deflection in crack path) are substantially in error. The role of
fatigue crack growth under purely tensile (Mode I) external (far-field)

h(57) and models

loading condition has recently been examined by Sures
have been suggested to predict fatigue crack growth rates for various
degrees of deflection. Variation in fatigue growth behavior arising

from the tilted crack can be estimated knowing the angle of deflection
(8), length of deflected segment (D) and length of linear segment (S).

The effective driving force is then expressed as

AKp = (DAKeff + SAKI)/(D + S)
where AKI is nominal Mode I stress intensity factor range
and AKefF is effective stress intensity factor range controlling

crack grthh rate.
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Corresponding measured average crack growth rate:

Sy . (Deosp x5y dey

The predicted variations in fatigue behavior arising from deflec-
tion are compared here with the present experimental results (Fig. 20).
The IQ structure leads to a predominantly Tinear crack profile during
fatigue cycling. The fatigue behavior for this heat treatment is
modelled as a reference for an undeflected crack (8 = 0) in Figure 20.
Changing the heat treatment of this steel to obtain SQ structure has
been observed to cause pronounced deflections in crack path during the
entire range of fatigue crack propagation (Fig. 11). A typical example
of the tortuous crack path for this material is illustrated in Figure
16e which shows the crack profile with deflection at AK = AKO. Con-
sidering the pronounced deflections in crack path in the SQ structure
and taking typica] values of angles of tilt 8 = 45°-75° (occurring over
several grains through the specimen cross section) and E—%_§ ~ 0.25-0.5,
it can be inferred from the model that the remainder of the differences
in the fatigue behavior of these two materials is accounted for by crack
deflection phenomena. .

For each microstructure (Fig. 11), the influence of deflection on
resistance to crack growth is evidént from the corresponding fatigue
curves (Fig. 9). The curve shifts to the right as the 'degree of
roughness' increases. Thus, non-linearities in crack path seem to
cause a substantial influence on the apparent fatigue growth character-

istics (consistent with the predictions of the deflection models), in
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addition to the effects of the ensuing crack closure and intrinsic

microstructural factors.

4.3.1. Premature Crack Retardatijon - A Deflection Effect

It follows from the above discussion that pronounced crack deflec-
tion during fatigue can lower the stress intensity range to such an
extent that significant retardation in crack growth rate (or even com-
plete crack arrest) can occur at high nominal AK. Such transient
retardations in crack growth rate have been observed in the current
investigation -- at times even in mid-growth regions. These anomalous
and unreproducible results are invariably traced back‘fo be associated
with crack deflections. The asterisks (*) in Figures 11 to 14 represent
such points along with corresponding nominal AK vaiues.
| This localized crack growth retardation is an important character-
1st1; of microstructurally sensitive materials which promdtes a rough
and"tortuous path. Therefore, considering material selection purely
based upon fatigue crack resistance properties, although IA has the
highest resistance until an applied AK ~ 26 MPa/m, the SQ could be more
favorable, s{nce it shows the maximum probability of a high AKO in real
application. This offers an additional safety factorvfrom the defect
tolerance point of view.

In terms of recommended procedures for measuring near-threshold
fatigue crack growth and threshq1d AKO values, such transient retarda-
tions could have important consequences -- especially while testing
microstructurally sensitive materials. If and when such localized
regions arise, it is suggested to increase nominal AK adequately (thus
1nvd]ving variab]e amplitude Toading) and reobtaining the data points

by subsequent standard Toad shedding procedure.
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4.4, Relative Dominance of Different Mechanisms on Fatique Crack Growth

So far evidence has been provided to understand the mechanism of
microstructurally-influenced fatigue crack growth in dual-phase steel.
It is suggested that the crack growth rate is controlled by the following
four mechanisms which appear to have various degrees of influence on the

three microstructures and at different growth conditions.

(a) Roughness induced closure operative near threshold and
at Tow load ratios. Its relative influence is SQ > IA > IQ.

(b) Crack closure at mid-growth range, possibly due to
plastically damaging crack faces, causing mismatch.
Effective at low load ratios. The influence is
IA > SQ > 1Q (at AK-< 26 MPa/m) and SQ > IA > 1Q (at
AK > 26 MPavm). |

(c) Crack deflection effects operative through Regimes I and
Il and at different locad ratios. Here, IA > SQ > IQ.

(d) Intrinsic microstructural characteristics in both the
regimes and is independent of the load ratio. Here,

IA > SQ > IQ.

4.5, Microstructural Influence on Crack Geometry

The current investigation suggests that the effect of ciosure and
deflection on fatigue crack growth rate is fundamentally linked with a
rough crack surface. An attempt has been made to understand the possible
mechanisms underlying such characteristic microstructural sensitivity
towards cyclic loading conditions, based upon the metallographic and
fractographic evidence (Figs. 11 to 19) of the three different micro-

structures of dual-phase steel.
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In the near-threshold region the roughness asperities have been
well documented by a number of investigators.(3’7’]7’]9'21’55’60’6]’63)
Crack growth in this region is suggested to be confined to specific

(3)

crystallographic planes and hence dependsvupon grain-to-grain .

orientafion. As a result, in coarse structures greater crack asperities
(i.e., a rougher crack path) would be more favorable. Therefore, in
each microstructure it is necessary to considef the different regions
with the same orientation. Table IV showsvSQ having very large size
ferrite particles (103 um), thus explaining the possible reason for its
Cheracteristic roughness asperities. However; a'similar argument fails
to explain the ihcrease.in_cratk asperities near-threshold in IA
structure where'%erfite partio1e size ié rather small (27 um).

In the mid-growth region, although plastic zone Eize is very
-1érge and the possibility of occurrence of a single slip syétem is
rather remote, the SQ structure continues to demonstrate a very rough
crack path (Figs. 11, 16 and 18). There exists a possibility that
large size martensite particles (Fig. 2b) cause constraints at the
crack tip. The effect of hard second phase particle on plastic zone

size énd shape has been well documented.(58)

[t is Tikely that due to
the presence of coarse martensite in continuous ferrite (the micro- -
structural feature of SQ structure) a similar effect might prevail
under certain distributions of martensite particles. This could lead
the crack to deflect from fhe plane of maximum tensi]e.stress. Deflec-
tion at high growth rates could also be due to twinned martensite or
interlath retained austenite -- which would introduce weak directional
properties in the local crack vicinity. Presence of such phases have

been documented in the SQ structure.(30)
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The foregoing discussion emphasizes the importance of microstruc-
ture of dual-phase steels, which significantly influences crack closure
and deflection mechanisms during fatigue crack propagation. Based upon
this study it has been possible to design microstructures viz. IA and
SQ which demonstrate exceptionally high resistance to fatigue crack
growth both at near-threshold and mid-growth regions. Such improvements

are the highest ever observed in steels.
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5. CONCLUSIONS

Based on a study of the effect of dual-phase microstructures on
fatigue crack growth in Fe/2Si/0.1C steel, the following conclusions
may be drawn: | |

(1) For a constant yield strength and prior austenite grain size,
the fatigue crack propagation rate is greatly influenced by different
microstructural shape, size and distribution of ferrite and martensite.
Such effects are relevant to near-threshold as well as in mid-growth
regions.

(2) Microstructural effects on fatigue crack growth appear to be
more pronounced at Jow load ratios. Crack closure séems to sﬁpport
such observation. -

(3) Fracture surface roughness plays a dominant role in influenc-
ing fatigue crack resistance of a microstructure.

(4) Crack deflection is expected to contribute in reducing crack
growth rate in Regime A and Regime B.

(5) In low load ratios and near—ﬁhreshold the closure phenomena
appear to be due to roughness induced crack closure, where contributions
due to Mode II displacement is significant in causing mismatch between
ffacture_surfaces}

(6) In lTow load ratios and mid-growth region, the closure observ-
ed is attribﬁted presumably to the mismatﬁh caused by heterogeneous
plastic deformation behind the crack tip.

(7). Differences in fatigue curves at high load ratio tend to
suggest that cerféin intrinsic microstructural characteristics viz.

micro-residual stresses, effective shear stresses within the slip
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planes, coherency of interface between ferrite and martensite particles
and reactivity of each structure to envirohment -- whose tangible
contribution is not investigated -- apparently play an important role
in governing fatigue cra;k growth rate.

(8) A material, with favorably distributed large size second
phase particles, could promote premature crack arrest even at mid-
growth region. From the defect tolerance approach such microstructure
may be considered more appropriate for fatigue crack resistance
applications.

(9) The microstructures designed through intercritical annealing
(IA) and step quenching (SQ) heat-treatments of low carbon dual phase
steel exhibit the highest resistance to fatique crack growth ever

observed in steels, without compromising on yield strength values.
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Table I: Composition of Fe/251/0.1C Steel
Elements C Si Mn S p Cr Ni Mo v
wt., % 0.09] 2.01 | <0.005 | <0.005] 0.005 | <0.095| 0.06 | 0.03| <0.01
Table II: Tensile Test Results

Material Structure

Yield Strength

Tensile Strength

% Reduction

MPa MPa in Area
Intermediéte Quenching 590 805 70.8
Step Ouenching 635 900 33.2
Intercritical Annealing 615 827 52.9
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Table III: Fatigue Test Results

Near-Threshold Ago (MPav/m) Pi;;s degree of Ker/Knax
| Material Low R» High R Exponent* | Roughness | at AKO
Structure | (_ ¢ 05) (= 0.75) m b (R=0.05)
19 | 10.7 4.9 4.8 3.26 0.74
SQ C17.1 5.1 5.3 15.41 | 0.83
IA 19.5 5.7 9.3 8.49 0.78

o *Derived from crack growth data at R = 0.05 above 107° mm/cycle by
regression fit to ParTS're1ationship:v

da

Fo= )"

*

*Degree of Roughhess = [(-aT < ap)/ap] x 100.

Table IV: Quantitative Metai]ography Results

. Martensite Ferrite Prior Austenite
Material , ; . . :
Structure - Vol. Eract. Particle Size Grain Size

(’°> um um
10 58 9 : 237
> 32 103 237
IA | 44 27 237
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Fig. 1. Schematic variation of fatigue crack growth rate with stress
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40

(a) HEAT TREATMENT CYCLES
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{x matrix ‘ < continuous o~ ol boundaries

(b) DUAL PHASE MICROSTRUCTURES.

XBB 833-2300

Figure 2. Dual-Phase Fe/2Si/0.1C steel. (a) Heat treatment cycles;
(b) optical micrographs.
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Dimensions of (a) subsize cylindrical tensile test specimen

Figure 3.
and (b) compact tension specimen for fatigue test.
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Figure 4. Experimental set-up for fatigue crack growth test and
closure measurement.
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Figure 5. Schematic diagram of crack profile measurement. (a) Actual
crack profile; (b) projected crack length, a ; and (c) total
length of crack surface, ar- P
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Figure 6. Closure measurements. (a) Schematic diagram of strain gage fixing and (b) relative
strain, |e| vs. % load, P plot.
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Figure 7.

Actual arrangement of strain gages on CT specimen.
General view and (b) during test.

(a)
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Figure 8. Engineering stress-strain curves for Fe/2Si/0.1C dual phase

steel with three different microstructures.
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Figure 10. Effect of microstructure and load ratio on crack closure vs.
AK curve.
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Figure 11. Fatigue crack profiles of different microstructures at
varying AK and load ratios for (a) IQ, (b) SQ and (c) IA.
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Representative crack profiles for intermediate quenching.
(a)-(c) are unetched (top) and etched (bottom) micrographs
at varying AK and R.
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STEP QUENCHING

Figure 13.

Crack Growth Direction
=
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Representative crack profiles of step quenching. (a)-(e)
are unetched (top) and etched (bottom) micrographs of
varying AK and R.
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Figure 14. Representative crack profiles of intermediate annealing.
(a)-(e) are unetched (top) and etched (bottom) micrographs
of varving AK and R.
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Figure 15.

High magnification

Crack Growth Direction

-

KBB 834-3302

investigation of crack path in IQ.
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Figure 16.

Crack Growth Direction

XBB 834-3303

High magnification investigation of crack path in SQ

(a)-(f).
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Threshold AKo :

Intermediate Quenching

Step Quenching

Intercritical Annealing

KBB 834-3600

Figure 18. SEM fractographs of IQ, SQ and IA near-threshold AK. (a),
(c) and (e) at Tow magnification and (b), (d) and (f) at
high magnification. The arrows indicate crack propagation
direction.
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Figure 19. SEM fractographs of IQ, SQ and IA in mid-growth region.

(a), (c) and (e) at low magnification and (b), (d) and (f)
at nigh magnification. The arrows indicate crack propaga-
tion direction.
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Figure 20. Predicted growth rate behavior of the step quenched (SQ)
microstructure at R = 0.05, due to crack deflection effects

only.
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