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The present study is concerned with the effects of plate thickness on high-cycle fatigue
properties and fatigue crack propagation behavior of investment cast Ti-6Al-4V alloys
having Widmanstatten structure. High-cycle fatigue test and fatigue crack propagation test
were conducted on three cast plates having different thickness, and then the test data were
analyzed in relation with microstructures, tensile properties, and fatigue fracture mode. The
high-cycle fatigue results indicated that fatigue strength of the three cast plates was quite
similar because of their similar tensile strength. In the case of the fatigue crack
propagation, the thicker cast plate composed of thinner o platelets had the slightly faster
crack propagation rate than the other plates. The effective microstructural factor
determining the fatigue crack propagation rate was found to be the thickness of «a platelets

because it was well matched with the reversed cyclic plastic zone size calculated in the
threshold AK regime. © 2004 Kluwer Academic Publishers

1. Introduction

A Widmanstitten structure of a Ti-6Al-4V alloy is
known to have excellent specific strength, fracture
toughness, and resistance to crack propagation [1],
and is typically composed of colonies in which thin
«a platelets are aligned in a § matrix. A typical exam-
ple of the Widmanstétten structure is a cast Ti-6Al-4V
alloy made by an investment casting method which has
been used as an excellent technology to fabricate com-
plicated airplane parts. This investment cast Ti-6Al-4V
alloy must have excellent fatigue properties so that it
can be used for airplane parts. Fatigue properties of
titanium alloys are largely determined by surface de-
fects [2], microstructures [3], and crystallographic tex-
tures [4]. There generally exist many cast defects such
as micropores inside investment cast parts, but most
of them can be removed by a hot isostatic pressing
(HIP) process. Fatigue properties are also affected by
microstructural factors such as size and morphology
of B grains, colonies, and « platelets [5—12], but sys-
tematic studies on how microstructural factors affect
fatigue properties of the investment cast Ti-6Al-4V al-
loy are yet to be made. In the present study, three kinds
of Ti-6Al-4V alloy plates having different thickness
were fabricated by investment casting, and their fatigue
properties were investigated. Effects of microstructural
factors on fatigue properties were analyzed by observ-
ing the fatigue crack propagation behavior and fracture
surfaces.

2. Experimental

The materials used in this study were three kinds of
investment cast Ti-6Al-4V plates of 6, 13, and 19 mm in
thickness, which were manufactured at Howmet Corp.,
Whitehall, MI, U.S.A. Chemical compositions of the
plates were measured by an inductively coupled plasma
(ICO) analysis method, and the results are shown in
Table I. The plates were HIP’ed at 900°C for 2 h under
a pressure of 103 MPa, and were annealed at 843°C for
2 h.

After the plates were etched by a Kroll solution (H,O
100 ml, HF 3 ml, and HNO3 5 ml), they were ob-
served by an optical microscope and a scanning elec-
tron microscope (SEM). Prior 8 grain size, colony size,
and o platelet size were measured from optical and
SEM micrographs using an image analyzing program
(sigmascan). Plate-type tensile specimens with a gage
section (length: 11.8 mm, thickness: 1.8 mm, width:
5 mm) were machined, and room-temperature tensile
tests were conducted at a strain rate of 6.4 x 10~*sec ™.

Fig. la exhibits the shape and dimensions of an
hourglass-shaped fatigue specimen. Room-temperature
high-cycle fatigue test was conducted at a stress ratio
R(=Ppin/ Pmax) = 0.1 using sinusoidal loading at a
cyclic frequency of 20 Hz. The test was conducted to
obtain S-N curves, from which fatigue strength was
measured at 107 cycles. Using a compact tension spec-
imen in which a machined notch was inserted (Fig. 1b),
fatigue crack propagation test was also performed under
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TABLE I Chemical composition of the three investment cast Ti-6Al-
4V plates having 6, 13, and 19 mm thickness

Plate Al \'% Fe C

6 mm thick 5.87 4.02 0.51 0.03
13 mm thick 5.88 4.02 0.53 0.03
19 mm thick 5.84 4.11 0.53 0.02

the same conditions of the high-cycle fatigue test (room
temperature, R = 0.1 and 20 Hz cyclic frequency). The
crack lengths were measured using a traveling micro-
scope, and the fatigue crack closure load was measured
by a compliance method using a crack opening dis-
placement gage [13]. After the fatigue tests, fractured
surfaces were observed in an SEM.

3. Results and discussion

3.1. Microstructure and tensile properties
Fig. 2a through f are optical micrographs of invest-
ment cast Ti-6Al-4V plates. Prior 8 grain size ranges

(a)

from 800 to 900 wm in the 6-mm-thick plate, and
increases to over 1 mm in the 13- and 19-mm-thick
plates. Prior g grains are composed of several colonies
(Fig. 2a through c). The colony size increases with in-
creasing the plate thickness, and that of the 19-mm-
thick plate ranges from 600 to 700 pm, which is about
twice over that of the 6-mm-thick plate. The colony
is composed of a Widmanstitten structure of « and B
platelets as shown in Fig. 2d through f. The thickness of
«a platelets ranges from 3 to 4 um. This tends to increase
slightly with increasing the plate thickness. 8 platelets
of several hundred nanometers in thickness are contin-
uously formed between « platelets, and grain boundary
o phases having 6—8 um thickness are also observed,
as indicated by arrows. Microstructural factors were
quantitatively analyzed, and the results are shown in
Table I1.

The room-temperature tensile test data are listed in
Table III. Yield and tensile strengths of the three plates
are similar in the range of 8§70-880 MPa and 910-920
MPa, respectively, and slightly increase with increasing
the plate thickness. However, elongation decreases as
the plate thickness increases.

30

Figure 1 The shape and dimensions of (a) an hourglass-shaped high-cycle fatigue specimen and (b) a compact tension specimen used for the fatigue

crack growth rate measurement. (unit: mm)

Figure 2 Optical micrographs of the (a) and (d) 6-, (b) and (e) 13-, and (c) and (f) 19-mm-thick plates. Kroll etched.
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TABLE II Quantitative analysis data of the three investment cast
Ti-6Al1-4V plates having 6, 13, and 19 mm thickness

Prior B GB o phase o platelet
gain size  Colony size  thickness thickness
Plate (um) (nm) (um) (m)
6 mm thick 840 384 8.6 3.61
13 mm thick 1553 565 7.5 3.51
19 mm thick 2050 652 6.5 3.07

TABLE III Room-temperature tensile test results, threshold AKX, and
calculated reversed plastic zone size

Transitional
Yield Tensile Threshold reversed plastic
strength strength Elongation AK(AK) zone size

Plate (MPa) (MPa) (%) (MPa/m) (jm)
6 mm thick 867 908 11.1 7.74 4.2
13 mm thick 880 919 9.0 7.70 4.0
19 mm thick 884 922 8.2 7.57 3.9
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Figure 3 S-N curves of the investment cast plates.

3.2. Fatigue properties

Fig. 3 shows the room-temperature high-cycle fatigue
test results. Fatigue strength (at 107 cycles) of the three
plates is similar (about 500 MPa), regardless of the
plate thickness. The fatigue limit from the viewpoint of
small cracks is the fatigue strength at which the small

cracks grow to be long cracks by overcoming some
obstacles such as grain boundaries. The main obstacles
in this study are thought to be /8 boundaries, and the «
platelet thickness is similar in the three plates (Table II),
thereby leading to the similar fatigue strength in the
three plates.

Fig. 4a is an SEM fractograph showing the overall
high-cycle fatigue fracture surface of the 6-mm-thick
plate. A fatigue crack initiates near the surface as shown
in a circled area of Fig. 4a. From a higher-magnification
SEM fractograph of this circled area, it is found that
a fatigue crack initiates at a prior § grain boundary
and then propagates (Fig. 4b). These fractographic re-
sults match well with the results of other researchers
[14-17].

In general, high-cycle fatigue life is dependent on
the initiation and propagation of fatigue cracks. Since
the crack initiation takes up much of the overall fatigue
life when there are not many interior defects, it is re-
quired to find the crack initiation sites. It is known that
fatigue cracking in a Ti-6Al-4V alloy starts at prior
grain boundaries or colony boundaries [15, 18, 19]. The
present study also confirms that fatigue initiates mainly
at prior 8 grain boundaries (arrow-marked in Fig. 4b).
The sub-surface nucleation sites such as inclusions or
defects are not observed here. Since the fatigue strength
usually increases with increasing tensile strength [1], it
is expected that the fatigue strength of the three plates
is similar according to their similar tensile strength.

Fig. 5 shows the results of the fatigue crack propaga-
tion test. Resistance to fatigue crack growth is similar in
the three plates. Threshold AK values (AKy, at 10710
m/cycle) of the 6-, 13-, and 19-mm-thick plates are
7.74, 7.70, and 7.57 MPa\/m, respectively, indicating
that the increased plate thickness shows no significant
change in AKy,. Fig. 6 shows the effect of the colony
size and « platelets thickness on the A Ky, value. A Ky,
decreases with increasing the colony size, which is con-
tradictory to the results that A Ky, is proportional to the
colony size [6, 7]. A Ky, increases with increasing the «
platelet thickness. SEM micrographs showing fatigue
crack propagation paths near the threshold AK regime
of the 6-mm-thick plate are presented in Fig. 7a and b.
Crack branching or secondary cracking are observed in

Figure 4 (a) and (b) SEM fractographs of the high-cycle fatigue specimens of the 6-mm-thick plate. (b) is a higher-magnification SEM fractograph
of the circled area of (a), showing a fatigue crack initiation at a prior 8 grain boundary.
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Figure 5 Fatigue crack growth behavior of the investment cast plates.

some areas (Fig. 7a), and the main propagating fatigue
crack path is slightly changed as it passes through B
platelets, as indicated by arrows in Fig. 7b.

It is noteworthy from Fig. 5 that the fatigue crack
propagation rate changes near da/dN of 10~° m/cycle.
Based on this turning point, AKr, the fatigue crack
propagation rate of each plate shows a large difference
in the case of AK < AKrt, whereas the difference de-
creases when AK > A Kt [6]. The fatigue crack propa-
gation rate at A Kt changes depending on how sensitive
the fatigue crack propagation is to an effective mi-
crostructure [6—12]. The AK < A Ktregionis sensitive
to microstructures, whereas the AK > A Ky region is
not. The effective microstructure in the AK < AKr re-
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gion is known to be the colony size [6, 7]. Also, changes
in the fatigue crack propagation rate in the AK < AKrt
region are reported to be related with the reversed cyclic
plastic zone size, 7, or the effective microstructure size
[6-12]. When the former equals the latter which can be
estimated as in the following equation [20], the fatigue
crack propagation rate changes.

AKest
Oy

2
rp = O318< ) (AKeff = Kmax - Kcl)

A K. can be obtained from measuring the extent of
roughness-induced crack closure. Table III provides the
reversed cyclic plastic zone size calculated from the
above equation. The reversed cyclic plastic zone is sized
several micrometers, which match with the width of «
platelets in Table II, although the r,, is somewhat larger
than the « platelet width. In addition, 8 platelets located
between « platelets work as retardation sites to crack
growth at a lower AK region by slightly changing the
fatigue crack propagation path (Fig. 7b). It is thus found
that the effective microstructural factor governing the
fatigue crack propagation at the lower A K region is not
the prior g grain size or colony size, but is the « platelet
width.

It is noted that the importance of « platelets has been
almost ignored in view of the fatigue crack growth be-
havior as in many previous studies [4, 5]. In this study,
however, it is suggested that the fatigue crack propaga-
tion behavior of the investment cast Ti-6Al-4V can be
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Figure 6 The variation of threshold fatigue crack growth as a function of colony size and « platelet thickness.
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Figure 7 Fatigue crack propagation path observed at near-threshold AK for the 6-mm-thick plate, showing: (a) crack branching and secondary

cracking and (b) path tortuosity at 8 platelets.
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mainly affected by the thickness of « platelets. This is
particularly important when the crack tip lies within a
colony or the plastic zone size is similar to the thickness
of platelets, while the colony size can also affect the fa-
tigue crack growth when the crack propagates across
colony boundaries.

4. Conclusions

The investment cast Ti-6Al-4V plates were composed
of a Widmanstitten structure, and the size of prior 8
grains and colonies increased with increasing the plate
thickness, while the thickness of « platelets and grain
boundary « phases slightly decreased. Yield and tensile
strengths of the plates were similar or slightly increased
with increasing the plate thickness, whereas elongation
was decreased. The high-cycle fatigue test results indi-
cated that the fatigue strength of the three plates was
similar according to the similar tensile strength, regard-
less of the plate thickness. In the case of the fatigue
crack propagation, the thicker plate composed of thin-
ner « platelets had the slightly faster crack propagation
rate than the other plates. The effective microstructural
factor determining the fatigue crack propagation rate
was found to be the thickness of « platelets because it
was matched with the reversed cyclic plastic zone size
calculated in the threshold AK regime.
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