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Near Threshold Fatigue Crack Growth Behaviour ofa
High Strength Steel: The Effect of Prior Austenitic Grain Size

Kakkaveri S. Ravichandran, Eshwarahalli S. Dwarkadasa, and Kishore
(Department of Metallurgy, Indian Institute of Science, Bangalore 560012, india)

Kakkaveri S. Ravichandran, Eshwarahalli S. Dwarkadasa, and Kishore Z. Metallkdugj

Near threshold fatigue crack propagation behaviour of a high strength steel under differfant prior austenitic grain size
with constant tensile properties wasinvestigated. Attention has been paid to the observation of facture modes at thresh:
old in different grain sizes. The observations indicate that three distinct modes of fracture can occur at threshold;
depending on the resistance offered by the grain boundary to the plastic relaxation ofcracktip stAress s.tate by transgyran:
ular crystallographic slip. A low value of threshold was encountered in fine grain sizes due to limited gllp dlstan‘ce whaere
as higher thresholds were seen in coarse grain sizes where dislocation pile-up and extensive plastic relaxation at the
crack tip can occur to give rise to crack path tortuosity and crack blunting respectively.

ErmiidungsriBwachstum eines hochfesten Stahls nahe dem Schwellwert: Der EinfluB der vorhergehenden|
AustenitkorngréBe :

Das Wachstumsverhaiten von Ermiidungsrissen eines hochfesten Stahl mit verschiedenen vorausgehenden Austenit:
korngréBen aber konstanten Zugeigenschaften wurde nahe dem Schwellwert untersucht. Besondere Aufmerksamkei
wurde den Bruchmoden beim Schwellwert bei verschiedenen KorngroBen gewidmet. Es zeigte sich, daB drei Bruch
moden unterschieden werden kénnen, je nach dem Widerstand der Korngrenze gegen plastische Relaxation der Rif-
spitzenspannung durch transgranulares Gleiten. Ein niederer Schwellwert wird bel feiner Korngréfie wegen derbegrane
ten Gleitabsténde gefunden, wihrend hohere Grenzwerte in grobem Korn zu sehen sind, wo Versetzungsaufstau und
ausgepragte plastische Relaxation an der RiBspitze auftreten, die zu einer RiBumlenkung und zu RiBverzweigung flibhren.

1 Introduction

Near threshold fatigue crack growth behaviour of engi-
neering metals and alloys has received considerable
attentionin literature, owing to wide spread use of a defect
tolerant design approacht)?)8). Such a growth behaviour is
characterised by crack velocities lower than 107 mm/
cycle typically and the crack growth has been termed
“microstructurally” sensitived). Among several variables,
like load ratio, environment, temperature, grain size and
microstructure, grain size has been found to significantly
influence the crack growth rates. Investigations relating to
the effect of grain size in steels')?), Ni-base alloys4) and
titanium alloyss) are well documented. While the influence
ofgrain size on threshold fatigue crack growth behaviourin
low strength steels has been reported by several investi-
gators, similar studies aimed at understanding the effect of
prior austenitic grain size in quenched and tempered mar-
tensitic high strength steels are inadequate)2)s)7)8) and
often are lacking in clarity. These studies were restricted to
grain sizes generally of the order of 20 ym and above,
where the sizes of the crack-tip plastic zone were atlways
lower than the grain sizes investigated. A genuine effect of
grain size on the near threshold fatigue crack growth
behaviour can be understood only if the microstructures,
composition and heat treatment of the steel were opti-
mised to achieve a plastic zone size at threshold compar-
able to the prior austenitic grain size. Moreover, in these
investigations fractographic evidences which greatly
assist in formulating a micro-mechanistic explanation of
the observed trends, are lacking. The present investigation
is aimed at explaining the pattern in which the prior austen-
itic grain size influences the crack growth behaviour near
threshold based on microfracture processes and crack
closure mechanisms operating at threshold in a high
strength steel. For this purpose, a medium carbon high
strength steel alloyed with titanium is chosen in order
to obtain very fine grain sizes. It is possible to obtain
extremely fine grain sizes (0.7 pm) in this steel by

conventional austenitizing treatments. The observed
dependence of fatigue crack growth threshold parameter,
AKy, on the prior austenitic grain size has been explained
on the basis of the consideration that the deformation is
localised along crystallographic slip planes when the crack
tip plasticity levels are comparable or lower than the prior
austenitic grain size.

2 Experimental Procedure

The steel used in the present investigation analysing: C
0.32, Si1.2, Mn 1.0, Cr0.98, Ti 0.2, 5 0.015 and P 0.02 % was
austenitized at 900, 1000, 1100, 1200 and 1250 °C for 30 min,
oil quenched and tempered at 530 °C for 25 min. Fatigue
crack growth testing was performed on 6.5 mm thick com-
pact tension specimens with R = 0.05 in a 100 KN servo-
hydraulic instron testing machine. Tests were conducted
atroom temperature in laboratory air with 50 to 60 % rela-
tive humidity and at a frequency of 35 Hz. A conventional
load shedding procedure was employed and crack lengths
were measured using both optical and alternating current
potential drop (ACPD) techniques, A cyclic stress intensity
range corresponding to a crack growth rate of 10° mmi
cycle was initially applied and the load was reduced at
each level by less than 10 %. At each load level, the crack
was allowed to propagate several times the size of the
monotonic plastic zone formed at the previous load level
after which the crack growth rates were measured. The
resolution of crack length measurements was better than
0.1t mm. The threshold stress intensity range, 4Ky, in this
study, is defined as the one at which a minimum crack
growth rate of the order 107" mm/cycle was reached. Grack
closure measurements were performed usingcrack open-
ing displacement (COD) gauge mounted on the mouth of
the crack. The crack opening stress intensity level, K, is
defined as the stress intensity level at which a change in
slope was observed in the load-versus displacement
record made at each load level.
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“Table 1. Mechanical property data as a function of heat treatments employed for the steel.

Aust/ 02%YS uTs Eln ) ) Gs%) CPzsY MPZS®)
Temper (MPa) (MPa) (%) (zm) (zm) (um)
Q)

900/530 1108 1168 13 0.74 0.18 0.7 0.14 0.6
1000/530 1122 1173 14 0.80 0.12 3.0 0.20 0.8
1100/830 1096 1164 12 0.80 0.19 6.5 15 6.0
1200/530 1038 1160 12 0.63 0.24 16.5 1.2 5.0
1250/530 1087 1179 12. 0.66 0.12 96.0 2.0 8.0

®) Fracture strain, & = In (1/(1 — RA))

by Strain hardening exponent

% Prior austenitic grain size

9y Cyclic plastic zone size = (1/3 n) (4K/2 oys)?

%) Monoatonic plastic zane size = (1/3 1) (Kmax/oys)

3 Results

. The mechanical properties and grain sizes of the steel
- after different austenitizing treatments are given in Table 1,
- Austenitizing at 900 °C produced an extremely fine grain

e 3

+ size (0.7 um) while austenitizing at 1250 °C resulted in
_coarsening of the grain size to 96 ym. The very fine grain
size in this steel is achieved because of the presence of
titanium carbides and carbonitrides. It can be seen from
, Table 1 that the values of yield strength after different
-austenitization treatments are almost the same, char-
. acteristic of high strength steels. Also the fracture ductility
- measured as fracture strain and the strain hardening

ehaviour are independent of the grain size. The low strain
ardening behaviour of these microstructures wouid result

.in deformation conditions at the crack tip close to that of
- an ideally plastic material.

“Fatigue crack growth curves for the different grain sizes

investigated are presented in Figs. 1and 2inthe form oflog

- (da/dN) vs log (4K) and log (4K.s) respectively.

3 AKgy is computed from:

lei

AKerp = Kinax = Kmin fOr Kop < Kiin
AKeff = Kmax - Kop for Kop > Km“-,

M
2

~ where Kuyax Kmin and K, are respectively the maximum,

minimum and crack opening stress intensity levels in the

" fatigue loading cycle. Figure 3 shows the variation in 4Ky,

with increase in prior austenitic grain size of the steel
investigated. Scanning electron fractographs representa-

. tive of fracture features observed at threshold are repre-
"~ sented in Figs. 4 to 7. Macrographs of the fracture surfaces

Aust. C
x 900
a 1000
» 1100
« 1200
| 1250
R=0.0%

Temper € G.5 (f”
530 0.7
530 3.0

;0"‘ 530 5.5

do /N, mm/cy:le

[
NI L) N B B A1) B R EA10 M N ELLL I RN R
>
o
>
]

PR W T Ot

100

[ A 1 1

10 20 30
AK , MPa Vim

da/dN vs. 4K plot for the grain sizes investigated.

N

Fig. 1.

are shown in Fig. 8. A schematic illustration of the crack tip
events that might occur to give rise to the differences in
AKy, and crack closure is shown in Fig. 9 based on the
fractographic observations.

4 Discussion

The effect of grain size on the crack growth behaviour near
threshold has been reported in several studies®)4)5)s) to 14)
on different alloy systems and in general, an increase in
the fatigue crack growth resistance was observed with an
increase in grain size. This is attributed to the increased
crack path deviation during crystallographic crack growth
resulting in crack tortuosity!!), an increase in effective
crack length®), roughness induced crack closure4) and
localised crack tip retardationi?)is) at grain boundaries
when the crack tip plasticity is confined within a grain.
These observations had been made at low crack growth
rates at which the crack tip tends to follow crystallographic
planes resulting in slip localisation ahead of the crack
tip12)13) and causing a slip band decohesioni) o 18) and a
mixed mode of fracture")12) involving transgranular crys-
taliographic and intergranular facets. In low strength
steels, with ferritic and pearlitic microstructures, an
increase in 4Ky, with grain size was observed®)10)14) and
was interpreted to be due to a reduction in yield strength
as well as a crystallographic crack growth moedeio) in
coarse grained structures.

It is worthwhile to briefly review the reported results on the
effect of prior austenitic grain size on 4K, in high strength
steels. A reduction in 4K, was observed when the prior
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Fig. 2. dafdN vs. 4K plot for the grain sizes investigated.
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austenitic grain size was increased in Fe-Cr-C steels),
Whereas in a quenched and tempered AIS| 4340 steel?),
apparently no sensitivity of 4Ky, to the variations in the
prior austenitic grain size was noted. Since the sizes of
plastic zones at the crack tip were low relative to that of
prior austenitic grains in these studies, it would be difficult
1o interpret the variations in the 4K;, based on the prior
austenitic grain size. A strong dependencs of 4Ky, on prior
austenitic grain size has been observed?s) for a 12CrNi3A
steel. Murakami et al.8) demonstrated that both increasing
and decteasing trends in 4Ky, with an increase in the prior
austenitic grain size were observable. Recently, in a high
carbon high chromium steeli8), an increase in 4K, with
the prior austenitic grain size was encountered and it was
attributed to the increase in the level of plastic flow and
crack closure caused by retained austenite. However, in
most of these investigations, fractographic evidences to
support the micromechanistic processes explained seem
to be inadequate.

In the present investigation, some interesting aspects on
the dependence of 4Ky, on the prior austenitic grain size
observed have been reported. An attempt has been made
to explain the results on the basis of the size of the plastic
zone at the crack tip relative to the grain size. In Fig. 3,
there is seen a rapid increase in 4Ky, from fine grain size
(dKy, = 2.6 MPav'm; GS = 0.7 ym) to intermediate grain
size (4Ky, = 7 MPay/m; GS = 16,5 ym) after which the
increase in 4Ky, is small at large grain sizes. A close
comparison between Figs. 1 and 2 suggests that although
crack closure cannot completely be responsible for the
observed effects, indeed differences in 4K and AK.y and
the crack growth rates of 6.5, 16.5 and 96 ym grain size

\/a‘,rm

Fig. 3. Variation of 4Ky, with prior austenitic grain size.

Figs.4aand b. Fractographs showing a flat transgranular fracture path for 0.7 um grain size material, (a) at AKy, and (b) at aslightly

high 4K level.

structures can be noted. The difference between the crac
growth rates tend to be smaller when plotted against 4K,
(Fig. 2). Previous work")2) on the effect of prior austeniti
grain size in AKy, suggested an environment-induced,
intergranular fracture mechanism for the acceleration in
crack growth which does not agree with the observationsg
of transgranular fracture in earlier investigations!)2)s) asf
well as in the present study. An examination of the fracturefl
morphology at threshold in different grain sizes presented}
in Fig. 4 to 7 suggest that three distinct fracturej
mechanisms operated during near threshold fatigue cracky
growth: a flat transgranular fracture, crystallographic crack
growth and a ductile mode of crack growth in fine, interf
mediate and coarse grains sizes respectively. Figures 4a
and b show a flat transgranular quasi-cleavage fracture alg
threshold in the fine grain size (0.7 ym) material. On the
other hand, intermediate grain sizes (6.5 and 16.5 ym)§
exhibited crystallographic crack growth along slip planes§
leading to the development of transgranular facets on the
fracture surface (Figs. 5 and 6). In Figs. 5a and b shown ig
the crystallographic fracture morphology occuring clo
to threshold. The occurance of crystallographic faceted
fracture morphology can be attributed17)!8) to the planar;
slip mode as a result of the low strain hardening behaviou
of these microstructures. The presence of oxide debris
(indicated as “D™) on the fracture surface together with
crystallographic facets (indicated as “C") is seen in Fig. ba’
At very large grain size (96 pm), the fractographs
presented in Figs. 7a and b show features indicative o]
extensive plastic deformation during crack growth. Macro-|
graphs of the fracture surfaces of the samples tested for-
fatigue crack growth are presented in Fig. 8. The threshaold
region is indicated by the arrows. It can be seen that in’
coarse grained samples (6.5, 16.5, and 96 ym), oxide debris
on the fracture surface is present and evidently is
maximum in 8.5 ym grain size sample compared to the
other samples. The absence of any oxide debris on the
fracture surface of the sample with 0.7 ;ym grain size can
also be noted.

Itis of interest to examine the slip behaviour at the crack
tip on the basis of which these different modes of fracture
could be explained meaningfully. It is to be noted that all
the tensile properties, viz., yield and ultimate strength, §
fracture strain and strain hardening exponent for these
grain sizes are closely the same. The morphological |
changes in titanium carbides/carbonitrides during various ‘
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10PM

. Figs. 5a and b. Fractographs showing a crystallographic mode of crack advance exhibiting stip induced transgranular facets for
6.5 pm grain size material, (8) at AK="1 MPay/m and (b) at 4K =13 MPav/m. The presence of oxide debris (marked “D”) together with

crystallographic facets (marked “C") can be noted.

Figs. 6aand b, Fractographs iilustrating a faceted mode of crack growth near threshold for 16.5 ym grain size material, (a) at 4Kin

St and (b) at a slightly high 4K level.

tion marked by ripple-like ductile

shold involving extensive plastic deforma
magnification indicating slip band

Figs. 7a and b. Fractographs showing fracture at thre
at 4Ky, and (b) same as (a), put at a high

hily, markings at threshold for 96 ym grain size material, (a)
cracking (secondary cracking).
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austenitizing treatments could possibly influence the
crack growth behaviour near threshold. However, exten-
sive scanning electron microscopic investigations9) failed
to detect any evidence for carbide induced cleavage or
void nucleation at threshold and hence it is presumed that
carbides bear no significance with respect to crack growth
behaviour in this steel. In a recent study20), it was shown
that titanium carbides/carbonitrides do not affect fatigue
crack growth. Hence, the observed differences in 4Ky
values could only be due to the variations in the prior aus-
tenitic grain size.

Near the threshold, the crack tends to propagate along
crystallographic planes in which slip is easier’) to 13) and
hence the crack growth rates are controlled by slip plane
orientations. When deformation is localised along crystal-
lographic planes ahead of the crack tip under plane strain
conditions?!) t 23), the grain boundary ahead of the crack
can offer resistance to slip causing a dislocation pile-up.
This can result in a retardation in crack growth. Hence, one
would expect that finer the grain size, lower the degree of
slip and plastic relaxation because of a limited pile-up dis-
tance and the back stress associated with already piled-up
dislocations. As a result of high triaxiality, a flat transgranu-
lar guasicleavage fracture could occur as shown in Figs. 4a
and b for a grain size of 0.7 ym. At intermediate grain size
(6.5 ym), slip could be accomodated along crystailograph-
ic planes until the stress due to dislocation pile-up causes
decohesion along these planes. An environmental contri-
bution through H, in moist laboratory air could favour such
a stage | cracking process?4) in fatigue. This produces a
facet, inclined at certain angles to the fracture plane caus-
ing crack path tortuosity and crack closure (Figs. 5a and b).
Besides, as seen in Table 1, the crack tip maximum plastic
zone size at threshold is equal to the grain size. At this
stage, slip localisation and slip band decohe-
sions8)12)13)18)25) to 27) are effective processes in retarding
crack growth, consistent with earlier observations of crack
growth deceleration when the maximum plastic zone
size?) and the monotonic overioad induced plastic zone
size??) were equal to grain size in aluminium alloys. Interes-
tingly, LiNian et al.'$) reported a variation in 4Ky, with prior
austenitic grain size similar to the one noted in this study.
Both slip band decohesion and faceted fracture morphol-
ogy was suggested to be respensible for high 4K, values
at intermediate grain sizes when the plastic zone size was
equal to prior austenitic grain size at threshold. In the pres-
ent study, the extent of fracture surface oxidation was also

AK iy

Grain size: O.7,Jm B G.ASPm

maximum at intermediate grain size (6.5 um) as shown in
Fig. 8. Such oxide debris formation at threshold is due to
the strong crystallographic zig-zag crack growth and can
increase 4K, by oxide induced crack closure®). Figures .
6a and b illustrate similar faceted fracture at threshold for
the grain size of 16.5 ym even though the computed plastic
zone size is smaller than the grain size. However, the trans-
granular facets could also occur as aresult of the influence |
of martensitic packet boundaries in this material. In the
large grain size material (96 ym), the size of the plastic
zone is smaller than the grain size. Hence, a high degree of |
slip can oceur causing crack blunting due to a lack of con- .
straint as well as the presence of retained austenite after
high temperature austenitization's). Figures 7a and b indi-
cate a ductile mode of crack advance for this material. At
a high magnification, the fracture surface exhibits
secondary cracking as a result of slip band cracking after
extensive slip similar to previous observations?!)32), The |
schematic illustrating the crack tip micro-fracture
processes at various grain sizes is presented in Fig. 9.

It is to be noted that earlier investigations!)8} showing an |
abhsence of strong variation in AK;, with prior austenitic
grain sizes were generally performed with lightly tempered
microstructures where the high strain hardening matrix
could result in transgranular brittle fracture. However, a
maximum in 4K, was observed?)'s) when the plastic zone |
was equal to grain size in highly tempered microstructures
where a strong grain boundary effect can be realised due }
1o planar slip. In a recent study3?) the authors have used
the differences in slip behaviour in variously tempered
structures to rationalise the observed disparity in the |
results reported in literature.

The present observations qualitatively agree with the
report ofthe results on Fe-Ni-Al12), Al and Tialloys3)28), The
effect of crack deflection and secondary cracking during
crystallographic crack growth on the slope of the fatigue
crack growth curve can be readily understood with refer-
ence to Fig. 10. Results in this investigation agree well with
this type of qualitative description of crack growth
behaviour at threshold.

5 GConclusions

From the present study, it can be concluded that near
threshold fatigue crack growth rates decrease and 4K,
increases with an increase in the prior austenitic grain size.

6.5 mm

16.5r_xm

Fig. 8. Macrographs of the fracture surfaces.
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FINE GRAIN SIZE A=d

DIFFICULTY IN SLIP ALONG
CRYSTALLOGRAPHIC PLANES

—

FRACTURE AHEAD OF CRACK TIP
BY QUASI-CLEAVAGE

(N = SLIP LINE LENGTH, d:GRAIN SIZE)

NORMAL STRESS

FLAT TRANSGRANULAR
MODE OF CRACK GROWTH

INTERMEDIATE GRAIN SIZE A= d

FRACTURE BY SLIP BAND
DECOHESION

SLIP ALONG CRYSTALLOGRAPHIC PLANES
PRODUCES DISLOCATION PILE-UP

COARSE GRAIN SIZE

<
W %\/\

CRACK DEFLECTION AND

CRACK TIP BLUNTING AND
CRACKING BETWEEN SUCCESSIVE
SLIP BANDS BY INTERNAL STRESS.

EXTENSIVE CRACK TIP STRESS RELAXATION
LACK OF STRONG DISLOCATION PILE-UP

21G- ZAG CRACK PATH
A<d
/// SECONDARY D1/ T N
\ CRACK ——————
N

DUCTILE MODE OF CRACK GROWTH
WITH SECONDARY CRACKS

Fig. 8. Schematic illustration of crack tip-grain boundary interactions and microfracture processes.

CRACK GROWTH

TRANSITION —P,

da /dN

CRACK DEFLECTION
CRACK BRANCHING AND
SECONDARY CRACKING

AK

Fig.10. Schematic iliustration of crack growth deceleration near
threshold caused by crack deflection, crack branching and
secondary cracking.

The manifestation of the effect of prior austenitic grain size
on 4Ky, is by altering the mode by which the crack tip
stresses are relaxed consequently giving rise to crack
defiection, crack closure and crack blunting. At much finer
grain sizes the grain boundary imposes difficulty to yield
along slip planes because of limited slip distance. As a

resuft of this a normal stress develops and a flat trans-
granular fracture occurs giving low 4Ky,. In intermediate
grain sizes where the crack tip plasticity ievels are com-
parable to grain size, the development of crystallographic
facets leading to crack tortuosity and oxide induced crack
closure increases 4K,. At much larger grain sizes crack tip
biunting and secondary cracking due to extensive plastic
relaxation around the crack cause the highest 4K;.
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