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Fatigue crack closure and crack growth behaviour
in a titanium alloy with different microstructures
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Fatigue crack closure and crack growth behaviour in Ti-2.5 wt % Cu alloy with two equiaxed
and two lamellar microstructures have been investigated by constant-load amplitude
tests. Plasticity-induced crack closure and roughness-induced crack closure have been
characterized separately by experimental methods. A change in closure mechanism from
plasticity-induced crack closure at high AK values (region of high stress intensity ranges)
to roughness-induced crack closure at low AK values occurs in a solution-annealed
equiaxed microstructure, while plasticity-induced crack closure is the operative closure
mechanism in an over-aged equiaxed microstructure over the whole range of AK and
roughness-induced crack closure occurs in two lamellar microstructures. The crack closing
stress intensity factor for plasticity-induced crack closure increases continuously with
increasing maximum stress intensity. The crack closing stress intensity factor for
roughness-induced crack closure increases with increasing maximum stress intensity at low
AK, and remains constant at high AK. Crack closure and crack path deflection have

a significant influence on the crack growth rates. © 7998 Kluwer Academic Publishers

1. Introduction
In most cases, three mechanisms can be taken into
account concerning fatigue crack closure phenomena,
i.e. plasticity-induced, roughness-induced and oxide-
induced crack closure. Plasticity-induced crack clos-
ure, discovered by Elber [1, 2], is normally considered
to arise from the development of residual plastic defor-
mation remaining in the wake of an advancing crack.
Roughness-induced crack closure is attributed to the
crack path deflection, especially at the near-threshold
range, at which a serrated or zigzag crack path is
induced by microstructure-sensitive crack growth
[3-5]. In this case, the kinked crack tip experiences
a local mode II stress intensity, which may lead to
significant mode II displacement and thus to wedge-
closing at discrete contact points along the crack path.
Oxide-induced crack closure is related to the role of
excessive corrosion or fretting oxide debris [6], or asso-
ciated with a thick oxidation layer [7], which causes
wedge-closing of the crack at stress intensity factors
above the minimum stress intensity. Oxide-induced
crack closure may play a significant role at near thre-
shold levels [8, 9] or at elevated temperature [10, 11].
Due to crack closure effects, the local crack driving
force is reduced from the applied stress intensity range,
AK (AK = Koy — Kpin, Where K., and K,;, are
maximum and minimum stress intensity factors in
a fatigue load cycle, respectively), to an effective stress
intensity range, AK .i; (AK ¢if = Kppax — Ko, Where K
is the crack closing stress intensity factor).

While it is widely accepted that plasticity-induced
crack closure is an important phenomenon during
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fatigue crack growth, especially under plane stress
conditions, Vasudeven and co-workers [12, 13], from
their studies based on dislocation theory, came to the
conclusion that plastic deformation at crack tips is
incapable of causing crack closure in the absence of
any asperities. However, the elastic material surround-
ing the plastic zone may force displacements along the
elastic—plastic boundary, promoting contact of the
plastically stretched material and thus plasticity-in-
duced crack closure without the need of fully reversed
plastic strain [ 14]. Concerning plane strain cases, dis-
crepancies in related literature about the existence of
plasticity-induced crack closure are especially signifi-
cant [ 15, 16]. It is difficult to imagine the origin of the
“extra volume” of material in the crack flanks in plane
strain (in contrast, in plane stress, the wedge of mater-
ial in the crack path is easily envisaged to come from
the side of the specimen). Nevertheless, plasticity-in-
duced crack closure may arise from the “plasticity-
induced wedge”, resulting from the material transport
along the crack growth direction due to plastic defor-
mation at the crack tip [17]. Without local mode II
displacement, this type of mismatch may, for example,
be the misfit between “hills” and “valleys” of the two
matching surfaces, or arise from micro-asperities in-
duced by small crack branching [17].
Plasticity-induced closure may occur at all levels of
stress intensity ranges [18]. Roughness-induced or
oxide-induced crack closure, in contrast, play a pre-
dominant role only at near-threshold levels, especially
under plane strain conditions [3]. The possible con-
currence of the different types of crack closure makes
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it difficult to separate their effects by experimental
methods. The purpose of this paper is to present
a detailed experimental study of crack closure mecha-
nisms in a titanium alloy with various microstructures
under plane strain conditions. Special attention is paid
to the influence of the stress intensity factor range. The
development of K, for roughness-induced crack clos-
ure and plasticity-induced crack closure with chang-
ing AK, as well as the effects of crack closure and crack
path deflection on crack growth rates are discussed.

2. Experimental procedure

The material studied was a Ti-2.5 wt % Cu alloy,
which was available as a solution-annealed bar (dia-
meter 120 mm) as well as a hot rolled and stress-
relieved plate (thickness 10 mm). Test specimens were
in two as-received conditions machined from the bar
and the plate, respectively, and two heat-treated con-
ditions using the plate material. After ageing at 400 °C
for 8 h, followed by ageing at 475°C for 8 h, the

TABLE I Microstructural characteristics and heat treatments

material is in an under-aged condition [19]. After
hot-rolling and stress-relief treatment the material is
over-aged (ensured by a final ageing). The heat treat-
ments used and the resulting characteristics of the
microstructures are listed in Table 1. The microstruc-
tures are shown in Fig. 1. The mean grain size and the
mean lamellae colony size were measured by the linear
intercept method [20] on optical micrographs. The
lamella width was measured perpendicular to the lon-
gest direction of the lamella cross-sections. Tensile
testing was conducted using cylindrical specimens
with a gauge length of 15 mm and a diameter of 4 mm.
The tensile direction was perpendicular to the rolling
direction for specimens taken from the plate, and
parallel to the radial direction for specimens taken
from the cylindrical bar. The microstructural data and
the mechanical properties are listed in Tables IT and
II1, respectively.

Compact tension (CT) specimens with a width of
30 mm and a thickness of 8 mm were used for fatigue
testing. The orientation of the crack plane was chosen

Microstructural characteristics Heat treatment Micrograph

Equiaxed over-aged (EQO) Annealed and stress relieved + A* Fig. la

Equiaxed (EQ) Solution annealed Fig. 1b
Kmin~!

Coarse lamellar aged (CL), lamellae packages 920°C 0.5 hl—> 805°C 0.5 h/WQP + A® Fig. 1c

Fine lamellar aged (FL), Widmanstitten type 920°C 0.5 h/WQ" + 805°C 0.5 h/WQP + A® Fig. 1d

*A: aged for 8 h at 400 °C and 8 h at 475°C.
"WQ: water quenched.

Figure I Microstructures of Ti-2.5 wt% Cu alloy: (a) over-aged equiaxed (EQO), (b) solution-annealed equiaxed (EQ), (c) coarse lamellar

(CL) and (d) fine lamellar (FL).
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TABLE II Microstructural data for different microstructures

Mean o grain size Mean prior B grain size

Mean lamellar colony size Maximum lamella length

Lamella width

(pm) (nm) (pm) (nm) (rm)
EQO 17 - - - -
EQ 43 - - - -
CL - - 580 1650 37
FL - 312 - 12002 4.4

*Maximum prior § grain size.

TABLE III Mechanical properties of the material with different microstructures

Yield strength,

Ultimate tensile strength, True fracture stress,

Elongation to rupture,

Reduction of area,

Ryo.» (MPa) R,, (MPa) or (MPa) A (%) Z (%)
EQO 522 594 738 245 39
EQ 516 598 984 28 46
CL 600 723 838 13.5 15
FL 713 832 1080 17 25

to be R—C (see ASTM standard E 399-74) for the
specimen taken from the bar and T-L for specimens
taken from the plate. Fatigue crack growth testing was
performed on a Schenck servo-hydraulic testing ma-
chine at room temperature in laboratory air. Tests
were conducted under load control with a cyclic fre-
quency of 30 Hz (sine wave) and a load ratio, R, of 0.1.
The crack length was measured with a travelling
microscope, with an accuracy of 0.01 mm. A load-
shedding technique was used to determine the fatigue
threshold, AK,;,, defined as the stress intensity range at
a crack growth rate, da/dN, of about 1x1071°
m cycle L.

After the fatigue threshold was reached by the load-
shedding process, a constant-load-amplitude test was
carried out to study fatigue crack growth and crack
closure behaviour. The crack closing intensity factor,
K., was determined by a compliance technique with
a cyclic frequency of 0.3 Hz. A crack mouth gauge was
used to measure the change of crack mouth opening
displacement with applied load. An offset procedure
was used for better determination of the crack closing
load [21, 22]. K. was determined after each crack
length increment of about 0.25 mm.

The fracture surfaces were investigated using
a scanning electron microscope. One-half of the frac-
tured specimen was vertically sectioned through the
fracture surface (parallel to the crack propagation
direction) for crack path observations. Roughness
prameters (the standard deviation of the height, Sy,
and the standard deviation of angular distribution, Sg)
were quantified by digitizing the crack profile using an
image analyser as described in detail in an earlier

paper [23].

3. Results and discussion

3.1. Influence of crack closure and crack
path deflection on crack growth rates

Significant crack closure is measured in all the micro-

structures. K, measured during constant-load-ampli-

tude tests is compared for the different microstructures
in Fig. 2. Larger K, is observed in lamellar micro-
structures (CL and FL) than in equiaxed microstruc-
tures (EQ and EQO).

The crack growth rates appear to be lower in lamel-
lar microstructures than in equiaxed microstructures
as shown in Fig. 3 (represented in terms of AK). The
highest crack growth rates are observed in EQO and
the lowest in CL. The difference in crack growth rates
is, in part, attributed to crack closure effect. When
da/dN is represented in terms of AK. as shown in
Fig. 4, the difference in crack growth rates becomes
significantly smaller.

In addition to crack closure, crack path deflection
has an influence on crack growth rates. Fig. 5 shows
the results of quantitative analysis of the crack
path profile. The standard deviation of the height
distribution, Sy, and the standard deviation of the
angular distribution, Sy, are used to describe a crack
path profile as proposed by Wasén et al. [24]. Sy is
correlated to the average roughness height, while Sy
is a measure of the mean tilt angles of the crack path
[22-24]. Large Sy and S, indicating strong crack
path deflection, are found in lamellar microstructures
(especially in CL), while in EQO, Sy and S, are small,
in correlation with a linear crack path. In EQ, Sy and
S¢ are large at low AK values related to a highly
serrated crack path, and small at high AK values
related to a linear crack path. In Fig. 4, the lower crack
growth rates in EQ at low AK may be attributed to
a strongly deflected crack path in contrast to the linear
crack path in EQO. A deflected crack tip results in
a reduction of the local driving force for crack propa-
gation, and crack path deflection causes an increase in
the total length of the crack path from a microscopic
point of view. Thus, stronger crack path deflection
results in lower nominal crack growth rates [25-28].
CL and FL experience strong crack deflection but
show almost identical crack growth rates as EQO in
Fig. 4. According to the above consideration, it can be
reasonably assumed that lamellar microstructures
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Figure 2 Variation of K with K,,,, in different microstructures.
O EQO; @ EQ; A FL; A CL.
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Figure 3 Variation of fatigue crack growth rate, da/dN, with nom-
inal stress intensity range, AK, in different microstructures. O EQO;
® EQ; A FL; A CL.

experience higher intrinsic crack growth rates (with
the effects of crack closure and crack path deflection
being eliminated) than equiaxed microstructures.

3.2. Plasticity-induced crack closure

For equiaxed over-aged microstructures (EQO), high-
ly linear crack paths and heavily plastically deformed
fracture surfaces are observed both at high AK
(Fig. 6a) and at low AK (Fig. 6b). Crystallographic
fracture is not observed, even at the near-threshold
range. This is attributed to the slip-homogenizing ef-
fect of non-shearable incoherent Ti,Cu precipitates,
which act as deformation barriers in addition to grain
boundaries promoting cross slip, similar to the effect
of precipitates in aluminium alloys [29]. As shown in
Fig. 5, Sy and S, for EQO are small, remaining almost
constant with changing K ... The small scale of frac-
ture surface roughness is attributed to micro-asperities
due to plastic deformation at the crack tip. The crack
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Figure 4 Variation of fatigue crack growth rate, da/dN, with effec-
tive stress intensity range, AK., in different microstructures.
O EQO; @ EQ; A FL; A CL.
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Figure 5 Variation of (a) standard deviation of height distribution,
Su, and (b) standard deviation of angle distribution, Sy, with K.
in different microstructures. —O— EQO; —@— EQ; —A— FL;
—A— CL.

closure induced by these micro-asperities of plastic
deformation (the material being plastically stretched
in a direction perpendicular to the fracture surface)
should be referred to as plasticity-induced crack clos-
ure, rather than roughness-induced crack closure due



Figure 6 Fatigue fracture surfaces (scanning electron micrographs) and corresponding crack path morphologies (optical micrographs,
polarized light) of EQO at (a) AK = 16 MPam'/? and (b) AK,;, = 3.3 MPam!/? (crack growth from left to right).

to the lack of a tortuous crack path. This indicates
that plasticity-induced crack closure is the operative
closure mechanism over the whole range of AK for
EQO. In this case, K. increases continuously with
increasing K., (Fig. 2).

It should be noted that oxide-induced crack closure
can be excluded, as no fretting debris are observed on
the fracture surface and the formation of a thick oxide
film on the fracture surface is not possible during
room temperature testing of titanium alloys.

3.3. Roughness-induced crack closure

For lamellar microstructures (CL and FL) at
low AK, cleavage-like fracture surfaces and tortuous
crack paths, correlated with planar slip, are observed
(as shown for CL in Fig. 7a). Due to planarity of slip,
the crack propagates along the crystallographic plane,
not resulting in the material being plastically stretched
in the direction perpendicular to the crack plane.
Therefore, roughness-induced crack closure is the
operative mechanism in lamellar microstructures
at low AK.

At high AK, a highly tortuous crack path is ob-
served in lamellar microstructures as well, despite
a somewhat ductile fracture surface (as shown for CL
in Fig. 7b). As shown in Fig. 2, K for CL and FL
lacks any significant change with changing K., (while
the change of K. with K., is typical for plasticity-
induced crack closure) and is much higher than that

for equiaxed microstructures with heavy plastic
deformation. Thus, rather than plasticity-induced
crack closure, roughness-induced crack closure pre-
vails here.

Quantitative analysis of the crack path profile con-
firms that, over the whole range of AK, there are
highly tortuous crack paths in lamellar microstruc-
tures. As shown in Fig. 5, Sy and Sy are large for CL
and FL, much larger than those for EQO, over the
whole range of AK, remaining almost constant with
changing K ...

A change in the development course of K for
roughness-induced crack closure with increasing K,
in lamellar microstructures is found to be correlated
with the change in fracture mode at AK,, (Fig. 8). The
transition in fracture mode is discussed in an earlier
paper in detail [30]. At low AK (AK < AK,,), planar
slip prevails. Higher K, results in larger local mode
IT displacement, and in a larger irreversible mode 11
displacement upon unloading, causing higher K
[22,31]. At high AK levels (AK > AK,,), secondary
slip takes place, although fracture still proceeds main-
ly along the primary slip planes [22, 30]. At higher
K..x more secondary cross slip systems are active.
However, secondary cross slip has no contribution to
net mode II displacement (the secondary slip along the
slip plane with a tilt angle of 0 is counteracted by one
with a tilt angle of — 0). Mode 1I displacement is
saturated at a constant level. Therefore, K., does not
increase despite increasing K., in this range.
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Figure 7 Fatigue fracture surfaces (scanning electron micrographs) and corresponding crack path morphologies (optical micrographs,
polarized light) of CL at (a) AKy, = 9.2 MPam'/? and (b) AK = 25 MPam?'/? (crack growth from left to right).

3.4. Transition crack closure mechanism
with changing AK

In contrast to EQO, the solution-annealed equiaxed
microstructure (EQ) experiences a fracture mode
change at AK,, [30]. At high AK (AK > AKj,), a high-
ly linear crack path and heavily plastically deformed
fracture surfaces are observed (Fig. 9a). As in EQO,
plasticity-induced crack closure is the operative crack
closure mechanism in EQ at high AK. At low AK
(AK < AK;), crystallographic facets coexist with
ductile fracture regions, and large facets result in
significant crack deflection in EQ (Fig. 9b). Thus,
roughness-induced crack closure is the operative
mechanism in EQ at low AK.

This change of crack path features associated with
a fracture mode change is also reflected by the rough-
ness parameters of the crack path profile. Sy and Sy in
EQ remain small with changing K,,, at high AK,
while both increase significantly with decreasing K.,
at low AK (Fig. 5). At near-threshold, Sy is at the same
level as that of FL, and Sy is higher than that of CL
and FL.

Plasticity-induced crack closure for EQ and EQO
at high AK (AK > AK,;) has the same value of K
(Fig. 10), due to similar mechanical properties. At low
AK, however, K, is higher in EQ than that of plastic-
ity-induced crack closure in EQO at the same stress-
intensity range (Fig. 10). This observation is attributed
to pronounced crack path deflection and thus to
roughness-induced crack closure in EQ at low AK.
Nevertheless, the K, in EQ at the near-threshold level
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Figure 8 Development of roughness-induced crack closure in
lamellar microstructures. A FL; A CL.

is much lower than that of FL (Fig. 2), despite the
same level of Sy and an even higher Sy (Fig. 5). This
might be attributed to the ductile fracture regions
observed [23]. As ductile fracture at the crack tip does
not result in local mode II displacement, mode 11
displacement along the planar facets nearby, and thus
the overall mode II displacement along the crack
front, is restricted, resulting in a low K in EQ.

3.5. Crack closure ratio

The closure ratio, K. /K., used in the literature to
describe the crack closure level, decreases with
increasing K., for both plasticity-induced and



Figure 9 Fatigue fracture surfaces (scanning electron micrographs) and corresponding crack path morphologies (optical micrographs,
polarized light) of EQ at (a) AK = 20 MPam'/? and (b) AK, = 5.3 MPam'/? (crack growth from left to right).
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Figure 10 Comparison between changes of K, with K., in
equiaxed microstructures, EQ and EQO. O EQO; @ EQ

roughness-induced crack closure (Fig. 11). Plasticity-
induced crack closure is the operative mechanism in
EQO, not only at high AK but also at low AK values;
nevertheless, the K /K., increases with decreasing
AK. This observation is in agreement with the numer-
ical results of McClung and Sehitoglu [32], but
disagrees with the common view that K /K., is
constant for plasticity-induced crack closure [18, 33]
and that the increase in K. /K, with decreasing
K.,.x at the low AK level is due to roughness-induced
crack closure [34, 35].

1.0

Kcl / Kmax

0.0 1 1 1
Knax (MPa m'?2)

Figure 11 Relationship between K. /K., and K., in different
microstructures. O EQO; @ EQ; A FL; A CL.

4. Conclusions

1. Depending on microstructural features, titanium
alloy may experience a change in crack closure mecha-
nism with changing AK (e.g. from plasticity-induced
crack closure at high AK to roughness-induced crack
closure at low AK in the solution-treated equiaxed
microstructure), or only experience plasticity-induced
crack closure (in the fine grained over-aged equiaxed
microstructure) or roughness-induced crack closure
(in the lamellar microstructures) both at low AK and
at high AK.
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2. Crack closure has a significant influence on fa-
tigue crack growth rates. In addition, crack path de-
flection is an important factor that affects crack
growth rates.

3. For plasticity-induced crack closure, K, increases
continuously with increasing K,,,. For roughness-
induced crack closure, K, increases with increasing
K.« at low AK associated with planar slip, and re-
mains constant at high AK level due to the influence of
secondary cross slip.

4. The crack closure ratio, K;/K ., increases with
decreasing AK for both plasticity-induced crack clos-
ure and roughness-induced crack closure. It cannot be
assumed that the increase in crack closure ratio with
decreasing AK at near-threshold level is attributed to
roughness-induced crack closure without detailed
study of the crack closure mechanism.
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