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Abstract

There has been a renewed interest of late in the mechanisms responsible for the influence of the load ratio, R, and the
maximum stress intensity, Ki.x, on the threshold for fatigue-crack growth, AKy,. While mechanistic explanations in the
past have largely focused on the role of crack closure, it is certainly not the only mechanism by which K,,,x influences
AKy,. In this work, we examine the effect of a wide range of loading frequencies (v = 50-1000 Hz) and load ratios
(R = 0.10-0.95) on fatigue-crack propagation and threshold behavior in a Ti-6Al-4V turbine blade alloy consisting of
~60 vol% primary-o and ~40 vol% lamellar « + 5. The data presented in this paper indicate that at K,,,x values above 6
MPa,/m (R > 0.5), where macroscopic crack closure is no longer detected in this alloy, AKy, decreases approximately
linearly with increasing K. This result is discussed in terms of possible mechanistic explanations, including sustained-
load cracking, microscopic near-tip closure, and static fracture modes, based on considerations of experimental evi-
dence from both the current study and the literature. © 2000 Published by Elsevier Science Ltd.
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1. Introduction

The influence of load ratio, ! R, on fatigue-crack propagation rates has been widely studied from both
experimental (e.g. Refs. [1-6]) and analytical (e.g. Refs. [7,8]) viewpoints. Almost without exception, an
increase in load ratio results in an increase in fatigue-crack propagation rate at a given applied cyclic stress-
intensity, AK. Equivalently, the observed threshold stress-intensity range for fatigue-crack propagation,
AKy,, decreases as the (positive) load ratio is increased. Mechanistic explanations for such behavior have
focused on (a) the presence of crack closure at low values of the minimum stress intensity, Ky, [1] or (b) the
presence of static fracture modes as the maximum stress intensity, K., approaches the fracture toughness,
K. [9].
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! Load ratio, R, is defined under fatigue loading conditions as the minimum applied load divided by the maximum applied load for
any given loading cycle.
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Fig. 1. (a) A “classic” representation of the influence of the load ratio, R, on the fatigue threshold, AKy,. (b) A transformation into
coordinates of (Kmax, AKin). (¢) Many data sets, however, exhibit decreasing threshold even beyond the transition, R > R.. (d) The
variation of AKy, with K, is shown here as approximately linear with slope, o.

A common conception of the variation in the fatigue threshold with load ratio is shown in Fig. la.
Schmidt and Paris [1] rationalized this behavior solely on the basis of the crack closure concept. Assuming
that both the closure-corrected effective fatigue threshold, AK.;y, and the closure stress intensity, K, are

not affected by load ratio, then there exists some critical load ratio, R. at which K;;, = K, such that:
AK. — Kmax.th - Kcl < AKthv if R < RC (Kmin,lh < Kcl)v (1)
effth Kmax,lh - Kmin,th = AKth7 if R> Rc (Kmin,th > Kcl)~

Under these conditions, the maximum stress intensity at threshold, Kyaxm, 18 independent of R below R,
and the threshold stress-intensity range, AKy,, is independent of R above R.. Plotted as Kyaxm versus AKy,,
this transition manifests itself as a distinct ‘L’ shape, as shown in Fig. 1b, highlighting that the value of AKy,
is independent of K,,x when R > R, where global closure is no longer effective. As a first approximation, the
Schmidt and Paris analysis seems to work moderately well, with many data sets showing this transition at
load ratios similar to the critical load ratio condition, R., at which point K;, = K.

This behavior, however, is not universal, as shown by the compilation of data presented in Fig. 2. In
most cases, the value of AKy, is not invariant at R > R, but rather AKy, decreases with increasing R (Fig. Ic
and d), implying that either the Schmidt and Paris model is not properly described at R > R., or that there
are additional mechanisms acting in concert. It is this variation in AKy, with increasing R > R, that is
apparently independent of crack closure, which is the focus of the current work. We examine this behavior
in a Ti-6A1-4V alloy processed for turbine blade applications, and consider possible mechanistic expla-
nations.

2. Background

The progressive downward trend of the threshold AKy;, with increasing load ratio at R > R, was noted by
Doker [12] based on the fatigue study of Huthmann and Gossmann [13] on a high-temperature steel at
550°C. Doker chose to characterize this behavior with an empirical relationship, which varied linearly with
Kmax:
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Fig. 2. A representative sampling of large data sets on the influence of load ratio on the fatigue threshold, AKy,. Rather arbitrary lines
are drawn through the data as a guide to interpretation. The only consistent trend among the various curves is that all slopes tend to be
< 0. The slopes continue to be <0 even at high load ratios, where closure has presumably been eliminated. These data sets are taken
from (clockwise from upper left): this study, Refs. [1], [10,11], [13-17].

AKth = A[<th,0 + O‘Kmaxv if R> RC; (2)

where AKy, is the AKy,-intercept extrapolated to K., = 0 and « is the slope of the decrease in threshold
with increasing Ki,,x. The work of Bray and Donald [14] on Al alloys also noted a decrease in AKy, which is
apparently independent of crack closure, although in this case the behavior was parameterized by a power-
law relationship:

AKy = ¢(Kmay)®,  if R > R.. (3)

Whereas only a few studies have parameterized (or even noted) this behavior, many published data sets
exhibit a similar trend (for examples, see Refs. [1,11,13-19]), most notably the actual data of Schmidt and
Paris (Fig. 2e). To examine this effect further, a literature survey was conducted to identify published data
sets on steels, aluminum and titanium alloys that contain high load-ratio threshold data. Data sets con-
taining at least three threshold conditions where K,,,x = 10 MPa,/m were regressed according to a normal
linear model. To exclude the effects of crack closure, the regression was only performed on those data
points where K,,.x = 10 MPa,/m. The results of this analysis are presented in Table 1.

In Table 1, all titanium alloys have a negative value for o in the range of —0.01 to —0.07 (this excludes
the value of o« of —0.386 that is presumably skewed due to the small number of data points and has a
large standard deviation of 0.239). Furthermore, for eight of the 10 titanium data sets, a hypothesis that
o = 0 is rejected based on a 99% confidence interval. This is not the case for all of the steel data sets and
two of the three aluminum data sets, where the hypothesis that o = 0 is not rejected based on a 99%
confidence interval. This indicates that in the case of aluminum or steels, there is not enough statistical
evidence to determine that the threshold changes with increasing Ki,... However, in the case of the ti-
tanium data sets, the decrease in threshold with increasing K, is statistically significant. Such behavior is
inconsistent with the notion that (global) crack closure is the only mechanism responsible for the R and
K.« effects on AKy,.



132 B.L. Boyce, R.O. Ritchie | Engineering Fracture Mechanics 68 (2001) 129147

Table 1
Values for the slope, o, of AKy, versus Km,x when Kpax > 10 MPay/m
Material Temp. (°C) Method N* Kiax range o SD(a)® References
(MPa,/m)

Steels:

High-temp steel 550°C Const-R 4 10-21 —0.141 0.091 [13]
Const-Kpax 4 11-30 —0.044 0.029 [13]

Steel 42CrMo4 RT® Const-Kax 8 13-50 —0.005 0.007 [16]
Jump 1114 21 12-35 —0.001 0.006 [16]

Aluminum Alloys:

Al 2024 T3 RT® Const-R 3 15-31 —0.016 0.010 m

Al 6013-T651 RT® Const-Kax 6 10-38 —0.013 0.006 [14]

Al 7075-T7351 RT® Const-Kpax 10 12-21 +0.017 0.019 [17]

Titanium Alloys:

Ti Alloy A RT® Const-R 12 10-32 —0.063 0.027 [18]
Const-Kax 17 12-40 —0.043 0.012 [18]

Ti Alloy B RT® Const-Kpax 11 10-24 —0.062 0.023 [18]

Ti-6Al-4V STA RT® Const-R 4 10-14 —0.386 0.239 [17]
Const-Kpax 18 10-32 —0.024 0.009 [17

Ti-6Al-4V RT® Const-Kax 3 13-25 —0.050 0.025 [16]
Jump 1114 3 13-25 —0.069 0.035 [16]
Jump IV¢ 3 13-25 —0.063 0.032 [16]

Ti-6Al-4V RT® Const-Kpax 4 10-25 —0.011 0.007 [19]

Ti-6Al-4V STOA RT® Const-R, Kpax 5 13-57 —0.013 0.006 This study

#Number of data points used for regression.

®Standard deviation of the slope parameter, o.

°“Room temperature.

9 For an explanation of these “jump-in” threshold-determination methods, see Ref. [16].

In the absence of closure, possible alternative mechanisms for this behavior include the presence of
sustained-load cracking (SLC) mechanisms, such as creep or hydride-assisted cracking, or the occurrence of
the so-called “Marci effect”, as described below. Both of these phenomena have been observed in titanium
alloys at ambient temperatures.

Sustained-load cracking: 1t is well established that many titanium alloys exhibit stable crack growth
under monotonic loading when the applied K exceeds a sustained-load cracking (SLC) threshold yet is less
than K. (for a review, see Ref. [20]). In Ti-6Al-4V, it has been noted that such SLC rates increase with
increasing internal hydrogen content. Furthermore, SLC rates have been found to vary with temperature.
For an alloy containing 50-70 ppm H, crack velocities were at a maximum at ~0°C (da/dt ~ 5 x 107! m/s)
whereas below —10°C or above 25°C, crack velocities were much slower (da/d¢ < 1 x 10~!'" m/s) [21]. The
occurrence of such mechanisms during near-threshold fatigue-crack growth would impart an influence of
Kiax on the threshold and growth-rate behavior as they are primarily controlled by the static, rather than
cyclic, loads.

The Marci effect: Some titanium alloys exhibit the so-called “Marci effect” at very high K. levels. In
these instances, the fatigue threshold ceases to exist and at all applied AK levels (including static loading,
where AK = 0), the crack advances with a substantial velocity, typically >10~% m/cycle (Fig. 3). This be-
havior has been observed by Marci on Ti—6Al-6V-2Sn, IMI 834, IMI 685 [22,23], and by Lang on Ti—-6Al-
2Sn—4Zr-6Mo [24], and is likely associated with SLC. It is possible that this effect is a more aggressive
example of the current observations, although there is no evidence to date that conclusively connects these
two phenomena.
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Fig. 3. Fatigue-crack growth behavior typical of the “Marci” effect in Ti-6Al-2Sn-4Zr-6Mo. In some titanium alloys, when K. is
greater than some critical value (21 MPa,/m in this particular alloy), the fatigue threshold ceases to exist and all applied AK values lead
to an appreciable growth rates >107!% m/cycle (after Ref. [24]).

3. Experimental procedures
3.1. Material

The material under investigation was a Ti—-6Al-4V alloy with a composition (in wt.%) of 6.30Al, 4.17V,
0.19Fe, 0.190, 0.013N, 0.0035H, balance Ti. It was received as 20 mm thick forged plates from Teledyne
Titanium after solution treating 1 h at 925°C and vacuum annealing for 2 h at 700°C. This alloy, which has
been chosen as the basis of a comprehensive military/industry/university program on High Cycle Fatigue,
has a microstructure consisting of a bimodal distribution of ~60 vol% primary-« and ~40 vol% lamellar
colonies of « + f§ (Fig. 4). ? This microstructure displays room temperature yield and tensile strengths of
930 and 970 MPa, respectively, and a Young’s modulus of 116 GPa [25]. The fracture toughness, Kj., was
measured to be ~67 MPa,/m.

3.2. Crack-propagation testing

3.2.1. Cyclic fatigue

Fatigue-crack propagation studies were conducted on large (>10 mm) through-thickness cracks in
compact-tension C(T) specimens (L-7 orientation; 8 mm thick, 25 mm wide) cycled at load ratios varying
from 0.10 to 0.95 in a laboratory air environment (22-32°C, * ~45% relative humidity). To approach the
threshold, both constant-R and constant-K,. loading regimens were employed. Under both conditions, the
cyclic stress intensity was varied according to the relationship:

2 In the context of the Air Force High Cycle Fatigue program, this microstructure in Ti-6A1-4V has been referred to as “solution

treated and overaged” (STOA).
3 For fatigue testing at 1000 Hz, the average temperature of the sample rises ~10°C over ambient conditions.
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Fig. 4. Ti-6Al-4V in the “STOA” microstructure consisting of a bimodal distribution of ~60 vol% primary-o and ~40 vol% lamellar
o+ f. This microstructure was chosen as the basis for a joint military/industry/university program on high cycle fatigue.

AK = AKiyitia1 €Xp [C(a — @initia)]» 4)

where @, and « are the initial and current values of the crack length, respectively, AKj,, is the initial
value of AK, and C is the normalized K-gradient, set to a value of C = —0.08 mm™' (as suggested in ASTM
Standard E-647). Constant-K,,,, tests were employed to achieve threshold values at very high load ratios,
i.e., R > 0.8, thereby minimizing the effects of crack closure and representing worst-case in-service load
ratios [26,27]. Loading frequencies were varied between 50 and 1000 Hz (sine wave). At 50-200 Hz, testing
was conducted on conventional servo-hydraulic testing machines operating under automated closed-loop K
control; corresponding tests at 1000 Hz were performed under K control on newly developed MTS servo-
hydraulic test frames using voice-coil servovalves. The values of the fatigue thresholds, AKy, and Kiaxm,
were defined as the minimum values of these parameters yielding a propagation rate of 10~'° m/cycle. Crack
lengths were monitored in situ using back-face strain compliance techniques, with measurements verified
periodically by optical inspection. Crack closure was also monitored using back-face strain compliance;
specifically, the global closure stress intensity, Ky, was obtained from the closure load, Py, which was
approximated as the point of first deviation from linearity in the elastic compliance curve upon unloading
[28], similar to the method described by Elber [29]. Based on such measurements, an effective (near-tip)
stress-intensity range, AKyy = Knax — K, was estimated.

3.2.2. Sustained-load cracking

SLC experiments were conducted using similar methodology to that for fatigue-crack growth. A pre-
crack was grown under constant-K,,, fatigue loading conditions, with the K.x of the fatigue precrack
chosen to equal the post-fatigue sustained-K, Ks;c. During precracking, AK was shed according to Eq. (4)
until a threshold growth rate of ~107' m/cycle was reached. The AK level was then reduced to 0.3-0.5
MPa./m while holding K,,, constant. This small AK-cycle was chosen to be considerably smaller than the
fatigue threshold (~2 MPa+/m) while retaining sufficient amplitude to facilitate “‘sustained-load” growth
monitoring via back-face strain compliance, as had been used in the prior fatigue loading.
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4. Results
4.1. Effect of loading frequency

A comparison of fatigue-crack propagation behavior at 50 and 1000 Hz is shown in Fig. 5 for load ratios
of R =0.1 and 0.8. Similar observations were made under constant-K,,,x loading conditions at K,,x = 36.5
and 56.5 MPa,/m (R ~ 0.9 and 0.95 respectively). At all observed load ratios, a change in frequency in-
duced a negligible (typically < 0.1 MPa,/m) change in the AK level for a given growth rate, well within the
experimental scatter and specimen-to specimen variation. Additional data obtained on the same alloy and
microstructure at ~1700 [30] and 20,000 Hz [31] also shows no significant frequency effect on the near-
threshold fatigue behavior (Fig. 6). Such frequency-independent growth rates for titanium alloys tested in
air have also been reported for the 0.1-50 Hz range [33,34]; the current work extends this observation
beyond 1000 Hz.

4.2. Effect of load ratio

Fatigue-crack propagation data collected under constant-R loading conditions are shown in Fig. 7 at
four load ratios: R = 0.1, 0.3, 0.5, and 0.8 (50 Hz). These results are compared to constant-K,, fatigue-
crack propagation at four Ky, values: Ky = 26.5, 36.5, 46.5, and 56.5 MPa,/m (1000 Hz) in Fig. 8. As
expected, higher load ratios result in lower AKy, thresholds and faster growth rates at a given applied AK
value. Furthermore, this particular alloy does not exhibit the “Marci’’ effect as described previously. In
Table 2, a comparison is given of the AK levels required to achieve a growth rate (da/dN) of 10-% and 10~1°
m/cycle (the latter representing the threshold AKy,) for all eight loading conditions. These results are
compiled in Fig. 9a and b where the measured variation of the AKy, and K.« thresholds with positive R
are compared.

The role of load ratio at near-threshold levels is generally attributed to crack closure, which is typically
associated with the roughness-induced mechanism in titanium alloys [35-37]. In the current experiments,
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Fig. 5. Fatigue crack growth behavior of bimodal Ti-6Al-4V at two load ratios (R = 0.1 and 0.8) and two frequencies (v = 50 and 1000
Hz) suggesting that there is negligible influence of frequency in near-threshold growth behavior. Similar observations were made under
constant-K,, loading conditions of K, = 36.5 and 56.5 MPa/m.
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Fig. 7. Effect of load ratio, R, on fatigue crack propagation under constant-R loading. As the load ratio is increased, the growth rates at
a given AK increase and the fatigue threshold decreases.

closure was approximated from the deviation from linearity in the unloading compliance curve. At low load
ratios, R < 0.5, closure values were found to be approximately constant at K ~ 2.0 MPa,/m, however, no
closure was detected at R > 0.5. This closure value was essentially identical for R = 0.1 and 0.3; moreover,
the closure value did not change substantially as AK was shed towards threshold. The variation of
thresholds, AKy, and K, With load ratio (Fig. 9a and b) show an apparent transition at R ~ 0.5,
consistent with the Schmidt and Paris [1] analysis (Eq. (1)) which would predict a transition at R ~ 0.3-0.5
based on the measured closure value of 2 MPa./m. Perhaps the most convincing representation of this
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Table 2

AK levels required for growth rates of 10™ and 10! m/cycle
R Kinax (MPay/m) AK (MPa,/m)
Growth rate, da/dN = 10~ m/cycle
0.1* 6.47-6.92 5.82-6.23
0.32 6.77-6.83 4.74-4.78
0.5% 8.66-9.26 4.33-4.63
0.82 18.6-20.2 3.72-4.03
0.85 26.5° 3.85
0.90 36.5° ~3.6
0.93 46.5* ~3.4
0.94 56.5* ~3.15
Growth rate, da/dN = 107* m/cycle
0.1# 4.72-4.78 4.25-4.30
0.32 5.16 3.61
0.5 5.86 293
0.82 12.5-13.1 2.50-2.61
0.91 26.5% 2.33
0.94 36.5¢ 2.11-2.15
0.955 46.5* 2.09
0.954 56.5¢ ~2.04

#This value was held constant during the fatigue test.

transition from a “closure-affected” to a “closure-free” threshold is shown in a plot of AKyy, versus Kiyax m i
Fig. 9¢, which is simply a coordinate transformation of Fig. 9a and b. The distinct change in slope in Fig. 9¢
is surely associated with some change in governing mechanism, and is, in this case, coincident with the
elimination of global crack closure.
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In the case where crack closure is the only mechanism responsible for the load ratio effect, one might
expect that a closure-corrected stress-intensity range, AK.y, would yield a crack-propagation curve which is
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unaffected by load ratio. Indeed, in the current study, AK.; does tend to normalize the low load ratio data
(R < 0.5) onto a single curve (Fig. 10) (see also Ref. [5]). However, above R ~ 0.5 where (global) closure
was not experimentally detected, AKy, values continue to decrease with increasing R. This is also apparent
in the plot of AKy, versus K. in Fig. 9¢; in the region where threshold is K, -controlled, AKy, is not
invariant and decreases approximately linearly with increasing K. The slope of this decrease can be
quantified in terms of Eq. (2) as « = —0.013, implying that an increase in the K,,,x value of 10 MPa,/m is
associated with a 0.13 MPa./m decrease in AKy, threshold.

4.3. Fractography and crack profiles

Fractography (from scanning electron microscopy) and crack profiles (from optical microscopy) cor-
responding to the threshold growth rate of 10~!° m/cycle at three load ratios, R = 0.1, 0.5, and 0.95, are
compared to the static overload condition in Fig. 11. The crack profiles for the three load ratios show a
decrease in crack-path tortuosity as R or K.y is increased. Nevertheless, there are only minimal differences
in the fractography for the three different load ratios, even though they span more than an order of
magnitude in K, and two orders of magnitude in the plastic-zone size. There is a clear distinction,
however, in the morphology of the fatigue surfaces compared to that of the overload fracture condition
where microvoid coalescence can be seen. Thus, it can be concluded that, even at R = 0.95 where
Kinax = 57 MPay/m (Kpnax /K. =2 0.85), there is no clear evidence of static fracture modes, in this case due to
microvoid coalescence, in the fractography of fatigue-crack growth in this alloy.

4.4. Effect of internal hydrogen content

To study the effects of internal hydrogen content, several samples were heat treated in high vacuum
at 700°C for 24 h thereby reducing the hydrogen content from an as-received value of ~35 to ~5 ppm
with no apparent microstructural changes. The low-hydrogen specimens were subsequently tested under
fatigue loading conditions at constant-R = 0.5 and constant-K,,, = 28 MPa,/m. A comparison of the
near-threshold fatigue-crack growth behavior for the as-received and low internal hydrogen conditions is
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inset profiles: 36_’pm fractographs: 16_}:m propagation

Fig. 11. A comparison of fractography and crack profiles under fatigue (observing a threshold growth rate ~10~'° m/cycle at three load
ratios, R = 0.1, 0.5, and 0.95) and static overload fracture condition. While microvoid coalescence is apparent in the overload fracture,
there is no clear evidence of this mode in the fatigue fractographs, even at R = 0.95 where K.« = 57 MPay/m.
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Fig. 13. Transient SLC observed at K = 36.5 MPa,/m. The initial SLC growth-rate of 2 x 10~7 m/s is similar to the difference in the
fatigue-crack growth rates between R = 0.8 and K. = 36.5 MPa,/m (Fig. 8).

presented in Fig. 12, where it is apparent that there is little effect of hydrogen content (~5-35 ppm) in this
alloy. Most specifically, we see that the threshold was still affected by load ratios in excess of the ““closure-
free” transition (R > 0.5), in spite of the very low hydrogen content, and that the extent of this effect
appears to be independent of hydrogen content over this range.

4.5. Sustained-load cracking

The results of sustained-load tests on the Ti-6Al-4V alloy at a constant applied stress intensity of
K =36.5 MPa,/m, shown in Fig. 13, indicate approximately 80 pm of slow crack growth over the first
1000 s following initiation from the fatigue pre-crack. The initial growth rate of ~2 x 10~7 m/s was seen
to decay until crack arrest (<1x10~!" m/cycle) within 1000 s. This transient behavior indicates that for
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near-threshold fatigue-crack growth to be affected by SLC, then the SLC mechanism must be “restarted”
by each fatigue cycle. Without “‘restarting” on each fatigue cycle, the SLC growth-rate would decay to
arrest within the first several minutes of a constant-K,,x fatigue test, and thus would have little or no effect
on the value of the fatigue threshold.

5. Discussion

Crack closure is generally considered to be the primary reason for the effect of load ratio on the AKy,
fatigue threshold in metallic materials. Indeed, at low load ratios such that R < R., the closure-based
analysis describes threshold behavior reasonably well in most cases, including the data presented in this
paper. However, based on the closure argument, at load ratios where K, exceeds Ky, (i.e. R > R.) such
that the influence of (global) closure is minimized, the value of AKy, would be expected to become inde-
pendent of R. This is the generally anticipated behavior, however, in the current Ti-6Al-4V alloy, we have
observed a progressive reduction in AKy, from R = 0.5 (the ““closure-free” condition) to R = 0.95; specif-
ically, a ~ 1 MPa,/m decrease in AKy, is found as K, increases from ~6 MPa,/m (at R = 0.5) to 57
MPa./m (at R = 0.95). Furthermore, examples have been given (Table 1) of several other Ti-alloys that also
exhibit a K.x-sensitivity on the threshold at high load ratios (R > R.).

As noted previously, one possible explanation for this effect is the occurrence of SLC mechanisms during
fatigue-crack growth at high load ratios, where the high values of K,.x exceed some SLC threshold. This
being the case, the measured fatigue-crack growth rates would result from contributions from both me-
chanical fatigue cracking, (da/dN)ggue, and that due to SLC (da/df)sic, as modeled using a process
competition [38] or, as indicated in Eq. (5), a superposition [39] model: *

da _ da 1 da 5
dN N dNv fatigue v dt ( )

Support for this notion comes from the observation that the measured sustained-crack growth rate of
~2 x 1077 m/s at a sustained K of 36.5 MPa,/m corresponds to a growth rate per cycle at 1000 Hz of
~2 x 107! m/cycle, which is similar to the difference in the fatigue-growth rates at a given applied AK for
R = 0.5 compared to 0.95. Two possible mechanisms for such SLC are described below:

total SLC

(1) Stress-assisted hydride formation. Several independent studies in titanium alloys have concluded that
under sufficient triaxial stress, internal hydrogen can precipitate as metal hydrides at o/ [40] or a/a [41]
interfaces, or within a-grains [20] leading to brittle fracture of the hydrides. This phenomenon has been used
to explain both sustained-load cracking [20,21,42], where crack advance is observed under monotonic load,
and accelerated fatigue-crack propagation at high load ratios [40,43].

(i1) Creep-assisted crack growth. Alternatively, since room-temperature creep can occur in titanium al-
loys, it has been suggested that the role of hydrogen is to accelerate SLC by creep rather than through
hydride formation. Williams [44], for example, observed in Ti-6A1-4V that the threshold stress intensity for
failure by SLC, Ksic ., increased with increasing hydrogen content, which is apparently counterintuitive to
the hydride formation mechanism. Furthermore, second-stage creep rate was observed to decrease sig-
nificantly with increasing hydrogen content; at 95% of the yield strength, the creep rate decreased from
120 x 107¢ %/h for 7 ppm H to 36 x 107° %/h for 60 ppm H. From these or similar observations, some
authors [44,45] have concluded that the role of hydrogen in sustained load crack stems from creep behavior
rather than the formation and failure of brittle hydrides.

4 One might argue that these models may be overly simplistic. Nevertheless, the rather basic notion that mechanical fatigue and SLC
should somehow act in concert is what is most important for the ensuing arguments.
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Both of the aforementioned mechanisms suggest that the degree and extent of SLC is related to the
internal hydrogen content, although the exact role of hydrogen is still controversial. Nevertheless, if SLC
growth was a significant contribution to the observed fatigue crack-growth rates at high load ratios, one
may expect that the high-R behavior could be altered by changing the internal hydrogen content. Alter-
natively, if hydrogen could (hypothetically) be entirely removed, the SLC mechanism should be entirely
eliminated, thereby yielding an invariant AKy, threshold above the “closure-free” transition (R > 0.5),
assuming that there are no additional mechanisms present. However, as illustrated in Fig. 12, a reduction in
the hydrogen content by more than a factor of six has essentially no effect on the fatigue thresholds in this
alloy. Moreover, the K,.-sensitivity of the fatigue threshold at high load ratios remains essentially un-
changed by the reduction in internal hydrogen.

Furthermore, setting the hydrogen observations aside, it seems unlikely that any SLC mechanism could
provide a major contribution to fatigue in this alloy in light of the observed frequency independence
(v = 50-1000 Hz) of fatigue-crack propagation that is observed at all load ratios (Fig. 6). Indeed, the
observed frequency independence indicates that if a chemically- or electrochemically-controlled mechanism
was related to the observed high-R load ratio effect, then the time-dependent processes must go to com-
pletion within 1 ms (the time for one cycle at 1000 Hz).

Finally, any thermally-activated mechanism such as SLC, would be expected to manifest itself in the
temperature dependence of fatigue behavior. Thomas [46] has observed the SLC and fatigue-crack growth
at three temperatures (—30°C, 22°C and 140°C) in the same alloy and microstructure considered in this
study. He found that the extent of SLC transient growth decreased with increasing temperature, obeying an
Arrhenius relationship. At a sustained K of 60 MPa,/m, there was ~500 um of transient growth at —30°C,
but only ~45 um of such growth at 140°C. Therefore, for SLC to be an important component of this alloy’s
fatigue behavior, one may expect the fatigue behavior to also be temperature-dependent. However, over
this same range in temperature, the fatigue behavior of this alloy remained invariant (observed at K,,x =
60 MPa./m).

While there is no doubt that SLC does occur in many titanium alloys, the observed lack of an effect of
frequency, temperature, or hydrogen content on fatigue behavior strongly suggest that SLC does not
contribute significantly to the K,.c-sensitive fatigue behavior at high load ratios in this particular alloy and
microstructure. However, since the slopes, o, of AKy, versus K., (for R > R.) relationship (Eq. (1)) vary by
a factor of roughly seven in titanium alloys and the current alloy/microstructure is at the shallow end of
this range, it is conceivable that SLC does contribute to fatigue-crack growth behavior in certain other Ti
alloy microstructures, particularly those with higher internal hydrogen content. Indeed, there is some
evidence in the literature that SLC may be an important component in the high-R fatigue behavior of other
titanium alloys. For example, Pao et al. [40] studied the effect of hydrogen content on the fatigue threshold
of a f titanium alloy at R = 0.9. As might be expected from a SLC contribution, they observed the fatigue
threshold to decrease with increasing hydrogen content. Specifically, when the hydrogen content was
changed from 40 to 1000 ppm, the threshold was reduced from 2.7 to 2.0 MPa,/m. This is in contrast to
the behavior currently observed in the o + f alloy in this study where an increase in hydrogen content from
~5 to ~35 ppm did not alter the threshold (Fig. 12), albeit these two observations were over different ranges
of hydrogen content.

As the observed lack of a significant frequency or temperature effect on fatigue-crack propagation in this
alloy largely negates a major role of environmentally-assisted mechanisms in influencing the K., de-
pendence of the AKy, threshold, other purely mechanical mechanisms may be considered, as described
below.

(i) Microscopic near-tip closure. During in situ studies in the scanning electron microscope of fatigue-
crack propagation behavior in the same titanium alloy and microstructure at >1000 Hz, Davidson reported
that he detected crack closure in the local region (within ~10 pm) behind the crack tip, despite being at R
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values of 0.8-0.9, i.e., well above the (global) “closure-free” load ratio, R. [30]. While this near-tip (or local)
closure is essentially undetectable by the macroscopic techniques such as unloading compliance, it could
nevertheless significantly affect the effective stress intensity experienced at the crack tip. In this way, closure
would exist at all load ratios; however, the extent of the crack flank over which it operates would be a
function of the load ratio (or more specifically, the minimum stress intensity). However, what detracts from
this explanation is the marked transition at R = 0.5. As shown in Fig. 9c, there is a distinct transition from
AK-controlled to K,,,c-controlled thresholds at R = 0.5. It is difficult to reconcile this observation with a
near-tip closure model, which would presumably manifest itself in a smooth transition from global- to near-
tip closure as the extent of the closure wake grew smaller.

(ii) Static fracture modes. As Ky.x values approach the point of instability, as characterized by K,
additional static fracture modes, specifically cleavage, intergranular fracture or void coalescence, can oc-
cur during fatigue-crack growth and lead to accelerated growth rates and a strong sensitivity to both load
ratio and K« [9]. Such behavior is most often observed at lower load ratios and high growth rates, e.g.
>107> m/cycle, where the AK level is large such that K, — Kj.; in the present work at high load ra-
tios where K.x is held near Kj., static fracture modes could presumably occur even at near-threshold
growth rates. The occurrence of such static modes provides a very feasible explanation of the contin-
ued Kp.-dependency of fatigue behavior at load ratios above the “closure-free” condition, R.. How-
ever, scanning electron micrographs of the fatigue fracture surfaces, shown in Fig. 11, reveal no
such differences in the near-threshold fracture morphology at R = 0.5 and 0.95, despite the order of
magnitude increase in Ky (threshold K. values are 5.9 and 56.5 MPa,/m at R =0.5 and 0.95, re-
spectively). Furthermore, the mechanism responsible for the downward trend in AK}, with increasing R (or
K..x) appears to active at even moderate “closure-free” load ratios (R = 0.8), where K, is much less than
Ki.. Based on the lack of apparent static modes in the high-K,,,, fractography, and the observed K-
sensitivity at even moderate load ratios, the static mode argument can be discounted as a potential ex-
planation in this alloy.

(iii) Knax-dependence on intrinsic near-threshold fatigue. As noted above, the mechanistic role of R or
K.x on fatigue-crack growth is traditionally associated with crack closure and/or the occurrence of ad-
ditional K,,-controlled mechanisms, such as environmentally-assisted cracking or static modes. However,
these mechanisms do not appear to be the controlling factors in the present alloy at R > R.. Therefore, we
must consider whether the magnitude of K., can also affect the intrinsic mechanism of fatigue-crack
growth, particularly since between R = 0.5 and 0.95 where the AKy, threshold is reduced by ~1 MPa,/m,
the maximum plane-strain plastic-zone size varies by some two orders of magnitude, from ~2 to 200 um, as
K.y increases from ~6 to 57 MPa+/m. Based on this significant change in the local plasticity, it would seem
likely that there would be an effect on the fatigue-crack growth behavior and the value of the threshold.
However, a majority of the existing mechanism-based intrinsic threshold models [47-52], which are most
often based on the critical conditions for dislocation emission at the crack-tip, do not explicitly describe the
mechanistic nature of a K,,-dependent component. The evidence presented here strongly implies that K.«
does indeed influence the threshold for fatigue-crack growth, independent of crack closure, presumably by
its effect on intrinsic crack growth. The precise mechanism of this K, contribution, however, is presently
unclear, although mechanisms associated with the spread of local plasticity would appear to be influential.
An understanding of this mechanism would greatly enhance our knowledge of the fundamental fatigue
process.

6. Conclusions

A study has been made of the role of the maximum stress intensity (Kp,.,) and the load ratio (over
the range R=0.1-0.95) in influencing fatigue-crack propagation and specifically threshold behavior in a
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Ti-6A1-4V alloy, tested over a range of loading frequencies (50-1000 Hz) and in room temperature air (22—
32°C, 45% relative humidity). Based on this work, which was focused on an alloy with a bimodal (STOA)
microstructure (~60 vol% primary-o, ~40 vol% lamellar « + f8), the following conclusions can be made:

1. Room temperature fatigue-crack growth (~107'2-10-% m/cycle) and threshold AKy, values were found
to be independent of loading frequency over the range 50-1000 Hz; companion studies at 20,000 Hz on the
same alloy/microstructure, together with previous results in the literature, suggest that such frequency-
independent growth rate behavior at near-threshold levels extends over five orders of magnitude from 0.1 to
20,000 Hz.

2. The fatigue thresholds, AKy, and K..m, were found to vary significantly with positive load ratio
(R = 0.1-0.95). Consistent with the description of Schmidt and Paris, below a critical load ratio, R, (~0.5),
the K threshold was seen to be independent of R, and the AKy, decreased with increasing R. By
measuring (global) crack closure loads, using unloading compliance techniques, this behavior was found to
be consistent with the traditional explanation of load ratio effects on the fatigue threshold involving closure,
with R, defining the condition at which the closure stress intensity, Ky = Kpin.

3. At load ratios larger than R, i.e., R~0.5-0.95, where (global) crack closure could no longer be
detected, a different dependence of the AKy;, threshold on load ratio was seen, with AKy, — 0 as R — 1. Such
behavior is contrary to conventional explanations of the near-threshold load-ratio effect, which are based
on crack closure and imply that AKy, is independent of load ratio for R > R.. The decrease in AKy,
threshold is approximately linear with increase in Ky, decaying at a rate of —0.013. A survey of literature
indicated that this effect was seen by several titanium alloys, with slopes varying between —0.01 to —0.07.

4. Explanations for this effect are suggested, based on the occurrence of (i) SLC due to internal hydrogen,
(1) static (Kyax-controlled) fracture modes, (iii) near-tip crack closure, and (iv) an effect of K., on the
intrinsic mechanism of fatigue-crack growth. In the present alloy/microstructure, the effect could not be
ascribed to hydrogen-assisted SLC, as fatigue thresholds were unaffected by changes in hydrogen content,
frequency, or temperature. Nor was the effect ascribed to the occurrence of static modes, as the morphology
of the near-threshold fatigue fracture surfaces was essentially unchanged between load ratios of 0.5-0.95.
While near-tip closure may be a source for this effect, it seems most likely that the intrinsic fatigue-crack
growth process is itself K, dependent. The K, -sensitivity should be considered in developing mecha-
nistic intrinsic threshold models.
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