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Abstract

The influence of four different static strengthenings on the fatigue blunt-notch sensitivity of a low-carbon steel with a ferrite—
pearlite microstructure was analyzed and modeled. The analysis was made using a model previously derived which estimates the
fatigue limit of blunt notched components by means of the parankgtdefined as the stress concentration introduced by the notch
at a distancel from the notch root surface equal to the distance between microstructural barriers. While the disbeteeen
microstructural barriers is kept constant by keeping constant the grain size, the effective resistance of the microstructural barriers
to crack propagation is increased by static strengthening. The analyses have shown the influence of the distribution and effective
resistance of the first two or three microstructural barriers on fatigue blunt-notch sensitivR901 Elsevier Science Ltd. All
rights reserved.
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1. Introduction “sharp” notches (highk,), physically-small non-propa-
gating cracks exist at the fatigue limit of the notched
Engineering structures invariably contain stress con- component (PSC, crack length less than that at which
centrations which are the principal sites for the inception crack closure is fully developed [10]), whereas “blunt”
of fatigue flaws. The stress fields in the immediate vicin- notches (smalk), exhibit microstructurally-short non-
ity of the stress concentration have a strong bearing onpropagating cracks (MSC, crack length of the order of
how the fatigue cracks nucleate and propagate. Therethe microstructural dimensions). In both cases the length
exists now sufficient experimental evidence showing that of the non-propagating cracks increasesascreases.
the fatigue limit of polycrystalline metals represents the  In the case of blunt notches the stress that is sufficient
critical conditions for the propagation of nucleated to initiate a crack at the notch root and overcome the
cracks, and this holds both for smooth and notched strongest microstructural barrier is also sufficient to
specimens [1-13]. Thus, whichever is the mechanism of cause continuous propagation of the crack to failure, and
microcrack nucleation, the minimum stress level leading the fatigue strength is given by a microstructural thres-
to failure (i.e. the fatigue limit) is given by the stress hold determined by &o criterion [1,10,12,13]. On the
requirements for the propagation of the most critical other hand, in the case of sharp notches the fatigue
microcrack. strength is given by a mechanical threshold defined by
The depth of cracks present after exposure to stressa AK criterion, and the development of mechanical non-
levels just below the fatigue limit was found to depend propagating cracks is allowed by the existence of a stress
on the stress concentration factde) ([3,5,6,8,12]. In gradient high-enough and the development of the crack
closure effect. In this case the fatigue strength becomes
independent of the stress concentration fagtaand is
* Corresponding author. Tel+00-54-23-81-6600; faxs00-54-23-  doverned mainly by the notch depih and the fatigue
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In a previous work [12], a model for the blunt-notch
size effect was derived on the basis of the experimental
evidence that both the plain- and the blunt-notched
fatigue limit represents the threshold stress for the propa-
gation of the nucleated microstructurally short cracks.
The derived relationship characterizes the fatigue notch
sensitivity by means of the parametey defined as the
stress concentration introduced by the notch at a distance
d from the notch root surface equal to the distance
between microstructural barriers, as follows:

ke

\/ 4.5
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P
wherep is the notch radius.

Defining d; as the mean distance between microstruc-
tural barriersi, andAo, as the fatigue limit associated
to the same barridr the fatigue limitAc, of the notched
component at a givek would be given by the greatest
Ao, at thatk, as follows:
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where Aoy is the effective resistance of the barrier
and kg, is the stress concentration introduced by the
notch at a deptlx=d,. The concept is shown sche-
matically in Fig. 1 by considering three consecutive
microstructural barriers spaced at a distadged, and

d; from the surface d;<d,<d;), with their effective
resistance\eqy,, AGeqy, aNd AGeqy,, respectively. From
k=1 to k, the fatigue limit of the notch component is
given by A0~ACeq,/kq,, from k; to kp by
A0=ACeqy,/Kia,,» @and SO oON.

In this work this concept was used to analyze the
influence of four different static strengthening on the
blunt-notch sensitivity of a low-carbon steel with a fer-
rite—pearlite microstructure. While the distancg
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Fig. 1. The fatigue limitAc, of blunt notches defined as the greatest
fatigue limit associated with the effective resistamceeo,l and the
position from the notch-root surfaak of the microstructural barriers

i — see Eq. (2).

2. Materials, specimens and testing conditions

Five different steel compositions were analyzed:
NUBase; NUNi; NUSi; NuCu; and NUCoP. Their com-
positions and mechanical properties are shown in Tables
1 and 2, respectively. All the microstructures are ferrite—
pearlite with the same grain size (36n). They were
obtained by laboratory remelting up to 12@and then
hot rolled. Steel NUBase had the base composition.
Steels NUNi and NUSi were solution hardened with
2.23% nickel and 1.96% Si, respectively. Steels NUCu
and NUCuP were solution hardened with 1.52 and
1.56% of Cu, respectively. Steel NUCuP was then sub-
jected to ageing treatment of 5 for 2 h. An
additional increase in tensile strength of 30% was
observed by this treatment (precipitation hardening),
compared with steel NUCu.

Three different bar tensile specimens were tested (see
Fig. 2). One of them with plain surface while the other
two with blunt notches. According to the results from
finite element methods the values of the theoretical con-
centration factok; in notched specimens were 1.94 and
2.51. After machining, the notches were mechanically
polished with a series of grits down todm diamond
paste. All fatigue test specimens were chemically etched
in 3% Nital before being tested. The specimens were
analyzed after testing with a SEM.

Constant stress amplitude tests under axial loading
with zero mean stress and 30 Hz frequency were carried

between microstructural barriers is kept constant by out in an Instron fatigue test machine. All tests were
keeping constant the grain size, the effective resistanceperformed at room temperature in laboratory air. The
of the microstructural barriers to microstructurally short fatigue limit Ao, was defined as the maximum nominal
crack propagation is increased by static strengthening. stress under which a specimen endureld’ cycles. The
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Table 1
Chemical compositions of steels tested (wt%)

Steel C Si Mn P S Cu Ni Al N
NUBase 0.12 0.04 0.80 0.003 0.001 0.00 0.01 0.025 0.003
NUNi 0.10 0.04 0.79 0.003 0.001 0.00 2.23 0.029 0.003
NUSI 0.10 1.96 0.79 0.003 0.002 0.00 0.01 0.024 0.003
NUCu 0.10 0.04 0.81 0.003 0.002 1.52 0.01 0.029 0.003
NUCuP 0.10 0.04 0.82 0.003 0.002 1.56 0.01 0.028 0.003
Table 2
Mechanical properties of steels tested

Steel Ous (MPa) oy (MPa) E.L. (%) Hv Ao, (MPa) Ao, (MPa) k=2.51
NUBase 374 225 39.6 103 300 190

NUNi 438 284 16.1 140 430 240

NUSI 563 423 13.9 162 590 270

NUCu 518 387 29.2 164 500 280

NUCuP 646 512 25.6 214 600 290

(@) SR sponding to the steels NUBase, NUNi, NUSi, NUCu and

NUCUP, respectively. Stress distributions were obtained
by using finite element models of the specimens [12].
The dark oval drawings represents the microstructural
barriers, and their positions in depth is defined by the
average grain size of the material. The upper point of
the oval drawing gives the effective resistance of the
(b) D=8 t=1 o=1 k = 1.94 barrier for crac_k propaga_tior_l, aljd was estimated as fol-
J,—M— P tT lows: the elastic stress distributions were drawn only to
A D=8 t=1 p=05 k =2.51 the depth given by the length of the longest arrested
- \’\ J crack obtained at a given nominal stress level, and then
\H/ ID 15 the barriers were placed by moving it vertically and tak-
* A ing in main that it cannot be crossed by the stress distri-
65 AN bution. It is worth noting that for the seek of clarity only
B a few stress distributions were drawn, but two consecu-
Fig. 2. Specimens, dimensions are in mm. (a) Smooth round bar tive stress distributions were separated by a stress level
specimenk=1). (b) Notched round bar specimedg=1.94 andk=2.51. given by a nominal stress range of 10 MPa and the corre-
spondingk..
crack initiation limit Ac; was defined as the limiting In most of the cases (mainly for microstructurally
nominal stress required to develop a microstructurally- ShOrt cracks) the depta of the non-propagating cracks
short crack. Stress level was kept constant for each tested@n); Was defined using the total surface lengthad
specimen. The fatigue limito, was then analyzed by ~Considering that the aspect radac was about 1
testing different specimens at different stress levels. (Sémicircular cracks), which was observed experimen-

Stress increment between two consecutive stress leveld@lly. When physically small non-propagating cracks
was chosen equal to 10 MPa. were obtained, the specimens were fractured and the

crack analyzed and measured using SEM. Fig. 4(a—e)
show examples of the microstructurally-short non-propa-
3. Resistance and position of the microstructural gating cracks obtained for all steels. Fig. 5 shows
barriers additional photos of non-propagating cracks obtained by
fractographic and metallographic analyses. Specimens
Fig. 3(a—e) show the stress distributions ahead of thewere fatigued [Fig. 5(a)] or fractured [Fig. 5(b and c)]
notch root corresponding to the notches analyzed, forto obtain photographs. Photo (d) shows a cross-section
nominal stress ranges at and below the fatigue limit and of a crack arrested in the first grain boundary.
above the initiation limit of the microstructures corre-  Cracks usually initiate along persistent slip bands
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Fig. 3. Stress distributions ahead of the notch root for different nominal applied stress ranges and two stress concentration factors. (a) NUBase,
(b) NUNi, (c) NUSI, (d) NUCu and (e) NUCuP. Dark oval symbols represents the position and the effective resistance of the microstructural
barriers (grain boundaries).

(PSBs) proceeding in ferrite grains or along grain bound- for all steels. The type and nature of the non-propagating
aries. In any case the grain boundaries are consideredracks obtained at several stress levels below the fatigue
as microstructural barriers and the position given by the limit is specified. The bold line corresponds to crack
average size of the ferritic grains (about ), is con- initiation (k4=k), and the dotted lines correspond to Eq.
sidered as the distance between two consecutive barriers(3) for the first two or three important microstructural
Pearlite is also barrier to crack propagation, but the barriers. Experimental results are also shown. It can be
amount is small and it is usually placed in grain bound- seen that Eq. (3) fits the experimental data reasonably
aries, as it can be seen in Fig. 5(d). In this way we obtain well.

d,=0.055 mm,d,=0.11 mm,d;=0.165 mm, and so on. In Fig. 7 all the fatigue limitsAc,. were normalized
The estimated effective resistance of the barriers areby the limits for respective unnotched specimehs,,
shown in Table 3. The bold line means that the notch has its full theoretical

effect kq=ky). It can be seen that the notch sensitivity is

clearly different for all the five steels analyzed. The

4. Results and discussion highest notch sensitivity was found in NUSI, where the
fatigue limit is given by the initiation of a micro-crack

Fig. 6(a—e) show plots of the fatigue limit versus the (kg=k;, d=0). In this microstructure the solution harden-

stress concentration factd¢, obtained experimentally ing obtained with Si increases the crack initiation resist-
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Fig. 4. Examples of surface views of microstructurally-short non-propagating cracks obtained in NUBase (a), NUNi (b), NUSi (c), NUCu (d)
and NUCuP (e).

Fig. 5. Examples of non-propagating cracks. Specimens were fatigued (a) or fractured (b and c) to obtain photographs. Photograph (d) shows a
cross-section of a crack arrested in the first grain boundary.
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Table 3
Estimated effective resistance of the microstructural barriers
Microstructural barrier Effective resistance (MPa)
NUBase NUNi NUSI NUCu NUCuP
First (d,=55 pum) 300 425 540 500 600
Second ¢,=110 pm) 295 410 480 480 510
Third (d;=165 pm) 285 375 425 455 450
500
(a) NUBase
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Fig. 6. Fatigue strength against theoretical stress concentration fagtdo cracks;A, non-propagating cracks, fracture. NUBase (a), NUNi

(b), NUSI (c), NUCu (d) and NUCuP (e).

ance beyond the effective resistance of the strongestiow effective resistance does not decrease significantly
microstructural barrier. The first microstructural barrier the notch sensitivity for highek..
(defined as the ferritic grain boundary), starts to define In NUCuP the plain fatigue limi\o,, is given by the
the fatigue limit atk, equal to about 1.7. Its relatively first microstructural barrier in almost the whdtgrange
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Fig. 8. Estimated distributions of the microstructural barriers for all
steels analyzed. The position and the effective resistance of each bar-
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analyzed, and the notch sensitivity is then given by

K, With d;=55 pum.

The lowest fatigue notch sensitivity is obviously
obtained for NUBase due to its quite low static and plain
fatigue resistances. Following is NUCu, for which the
fatigue limit is given by the first, second or the third
microstructural barrier, ak increases.

From Figs. 3 and 6 it seems that fkre2 the fatigue
limit is given by the first microstructural barrier in NUSi
(Ac=320 MPa), and NUCuPAXo.~=370 MPa). These

[mm]
Fig. 7. Stress concentration factor against normalized fatigue limits.

tor. It was shown that the effectiveness of the first micro-
structural barrier is mainly related to the local crack
extension force. For the second barrier both the local and
the external extension forces have similar value, and for
the third or deeper barriers, the external crack extension
force predominates. In this case the non-propagating
cracks are mainly given by a mechanical threshold

two materials have similar plain fatigue limits, which are
given by the crack initiation resistance in NUSi and the
resistance of the first microstructural barrier in NUCuP.

defined by aAK criterion, and allowed by the existence
of a stress gradient high-enough and the development of
the crack closure effect. According to the last concept,

if the fatigue limit is associated with the third or forth
microstructural barriers, the amount of crack closure
play an important role and can explain the differences
observed at relatively higk; (2.51).

For k=1.94 the fatigue limit is given by the first barrier
in both steels. The position of the first barriel)(is the
same in both of them, and so, the fatigue limit is given
by the effective resistance of the barrier,,, according

to Eq. (3) fori=1. This effective resistance is about 60 ~ To model the fatigue limit of notched components it
MPa higher in NUCUP than in NUSI (see Table 3), isnecessary to join both the microstructural and mechan-
explaining the difference observed in fatigue limit at ical parameters. For a blunt notch, Eq. (2), together with
k=1.94, that is, 370 and 320 MPa, respectively (see A0eoand the positiord of the first predominant micro-
Table 3). structural barrier seems to conservatively estimate the

For k=2.51 the fatigue limit was given by the second fatigue limit. It is possible to get a fatigue resistance of
or the third barrier for all steels analyzed, except for the material as a function of the crack lengthstarting
NUBase, for which the fatigue limit is given by deeper from this point (I, Aceg), following the effective resist-
ones. Fig. 8 shows the estimated distributions of the first ance of the first three or four microstructural barriers and
three or four microstructural barriers for all steels ana- joining the mechanical threshold for long cracks given
lyzed. It can be seen that the effective resistances of theby Aki. Further work will be done in this way.
second and third barriers are similar in NUSi, NUCu
and NUCuUP, explaining why similar fatigue limits are
obtained for these steels kt2.51: 270, 280 and 290 5. Conclusions
MPa, respectively (see Table 3).

In a previous paper [13], the fatigue limit of a blunt The influence of four different static strengthenings
notched component was analyzed from an energeticon the fatigue blunt-notch sensitivity of a low-carbon
point of view. A total crack extension force was esti- steel with a ferrite—pearlite microstructure was analyzed
mated using both the local extension force, related to theand modeled. While the distandebetween microstruc-
surface strain concentration phenomena, and the externalural barriers was kept constant by keeping constant the
extension force given by the applied stress intensity fac- grain size, the effective resistance of the microstructural
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barriers to microstructurally-short crack propagation was [3l]
increased by static strengthening.

It was observed that there is an apparent limit in 4
increasing the grain resistance to crack initiation. Above
this limit the fatigue limit is defined by the crack [5]
initiation at grain boundaries and the fatigue notch sensi-
tivity is increased. (6]

From the analyses it can be concluded that not only 7]
the first and strongest barrier but also the distribution or
the relative resistance of the first three or four ones are [g]
important parameters defining the fatigue blunt-notch
sensitivity. Ask, increases, deeper microstructural bar- ]
riers seem to define the fatigue limit and the non-propa-
gating crack length. [10]

(11]
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