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Fatigue Variability in Through-transus Processed Ti-6Al-2Sn-4Zr-6Mo 
Alisha L. Hutson*, William J. Porter, and James M. Larsen 

 
Abstract 

Variability in fatigue behavior of a through-transus forged titanium alloy was examined.  
Through-transus forging develops a microstructure balanced for strength, fatigue resistance and 
fracture toughness.  Low cycle fatigue specimens extracted from a heat-treated forging were 
tested at a single stress at 260°C; resulting fatigue lives and variability were characterized as a 
function of local microstructure.  A crack growth life computation was performed, assuming 
immediate initiation of a microstructure-scale crack.  The result corresponded reasonably with 
an estimated minimum fatigue life. 
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Variability in the fatigue behavior of titanium alloys is a well-known, but often poorly 

understood, phenomenon.  A number of efforts have been made to characterize the sources of 
such fatigue variability, with varying success, depending on the specific alloy and 
microstructure [1-5].  Through-transus processed microstructures in alloys such as Ti-6Al-4V 
and Ti-6Al-2Sn-4Zr-6Mo have proven to be among the most difficult to characterize because 
microstructural variations that occur within individual forgings mask the impact of initiation 
mechanisms, and the narrow processing window required to obtain the desired microstructure 
may lead to variations between material batches [6]. 

This investigation focused on two main objectives: characterizing the variability in fatigue 
behavior within a single forging and evaluating the life-limiting behavior.  A series of carefully 
repeated experiments was conducted under a single stress and temperature condition, with 
representative material sampling from across the forging cross-section, to provide meaningful 
insight into the mechanisms that control variability in fatigue behavior.  Corresponding fatigue 
crack growth life estimates were computed using this data to help interpret the experimental 
results. 

The material used in this investigation was from a through-transus processed Ti-6Al-2Sn-
4Zr-6Mo forging.  Continuous processing on cooling through the -to--phase boundary is 
designed to produce a fully transformed microstructure that is generally free of continuous 
regions of primary alpha phase [6-10].  Since slight variations in cooling rate affect the 
completeness in eliminating the primary alpha, some microstructural variations are expected 
[7].  Inspection of cross-sections of the material used in the current work indicated some mild 
microstructural texture variation (consistent with normally processed material), so specimens 
from the forging were grouped according to three locations, denoted as locations A, B & C 
(shown in Figure 1).  Experimental results from these regions were compared to determine if 
the observed texture correlated with variations in fatigue behavior. 

The geometry used in this study was a smooth-bar with a round gage section 12.7 mm 
long by 4 mm in diameter and a transition to the grip 13.1 mm long with a 32.5 mm transition 
radius.  All specimens were machined with their load axis aligned in the circumferential 
orientation with respect to the forging (Figure 1), and the specimen surfaces were low-stress 
ground and polished to a surface finish of RMS8.  The elastic modulus, Poisson’s ratio, and 
yield strength of the material were identified as 115 GPa, 0.33 and 1120 MPa, respectively 
[11]. 

Fatigue tests were conducted at 260°C under constant amplitude loading at 30 cycles per 
minute using a stress ratio, R, of 0.05.  A total of 32 fatigue tests were performed at an applied 
maximum stress of 827 MPa: 8 specimens from region A, 7 from region B, and 17 from region 
C.  Crack initiation sites were located on each fractured specimen, and the results were 
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identified as either “surface” or “internal” initiations.  Fatigue lives were compared according 
to forging location and crack initiation location. 

A power law regression of crack growth data for this material was used as a basis to 
calculate the crack propagation lives for the temperature and R conditions of the experiments, 
over a range of applied stresses.  A power law model with coefficients “C” and “m” set to 
1.62e-11 MPa√m and 3.04, respectively, was employed to obtain the estimates.  The fracture 
toughness was estimated at 53 MPa√m, and the power law was extended below the long-crack 
threshold value so that propagation lives incorporating an estimate of small + long crack 
growth behavior could be obtained, similar to fatigue life calculations in the literature for 
Titanium alloys [5,12].  A semi-elliptical surface crack with a depth, ai, of 10 m was assumed 
as the initial crack size, with applied stresses ranging from 750 to 950 MPa, to generate an 
estimate of the lower bound of an S-N curve for fatigue life comprised entirely of crack growth. 

The fatigue test results for this study are shown on the S-N chart in Figure 2.  Data shown 
in this plot are divided based on the forging locations from Figure 1, with slightly different 
plotted stresses used to aid data visibility.  The fatigue life data ranged from ~95,000 to >1.5 
million cycles.  Region C data clearly dominate the higher fatigue life values, while Region B 
represents the lowest fatigue lives, indicating some effect of the region from which the 
specimen was extracted on fatigue behavior.  Material from region C (away from the forging 
center line) experienced more flow during the forging process than material from regions A and 
B (close to the forging center line), as evidenced by tightly aligned flow lines revealed on the 
polished and etched forging cross section.  Micro-hardness testing of various locations 
throughout the forging cross section also suggests that region C specimens have higher 
apparent relative strength properties characteristic of a more refined microstructure produced 
by faster cooling rates in thinner sections as compared to thicker ones. The subtle differences in 
the microstructural texture of these regions most likely play a role in the higher fatigue life 
values associated with material from region C. 

Fatigue data such as these may be analyzed statistically to project a B.1 fatigue life, which 
is the fatigue life corresponding to a probability of failure of <0.1% (or <1 in 1,000), and is 
calculated assuming a log-normal distribution of fatigue lives.  The data from this study are 
shown in Figure 3 on a log(cycles) vs. probability of failure (PoF) plot, both as a single 
population (small crosses) and divided based on the three previously defined forging locations.  
Statistics for each population are also included.  A regression analysis of the data, when treated 
as a single population (solid black line), provides an estimate of the B.1 fatigue life for the data 
of Nf ~ 50K cycles.  The same data, treated as three separate populations, indicate an estimated 
B.1 life (shown with dashed lines indicating the statistical regression) of ~60K cycles for 
Region A/B and ~90K cycles for Region C (A – circles, B – diamonds, C – triangles).  Note 
that the data for Regions A and B do not appear to be distinct populations, so a single line was 
used to represent both of these data sets.  Thus, this comparison of the single- and multiple-
population analyses indicates that treating the data as separate populations will result in higher 
predicted B.1 lives than if the data were treated as a single population.  

The data for Regions A/B and C were also segregated based on where cracks in the 
samples initiated, either on the surface or internally.  Information on the location of the 
initiation sites was obtained by inspecting each sample’s fracture surface in the scanning 
electron microscope (SEM).  Results are shown in Figure 3 where hollow symbols represent 
specimens in which cracks initiated at the surface, and solid symbols represent specimens in 
which cracks initiated internally.  The lowest fatigue lives correspond to surface initiations for 
all three material regions; the highest fatigue lives were all internal initiations.  However, if the 
extremes are excluded, no other trend may be discerned, particularly if data from Regions A 
and B are considered together, as the previous statistical analysis suggests.  Additionally, SEM 
characterization of these initiation sites did not reveal any pronounced differences in 
mechanisms for internal versus surface initiations.  Also noteworthy is the absence of smooth, 
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faceted initiation sites usually associated with grain boundary alpha present in -processed 
material.  Representative fracture surface photos of both initiation types are shown in Figure 4. 

Estimates of fatigue crack growth lives for a range of applied stress are shown on the S-N 
chart in Figure 2.  At the stress level where the experiments were performed, the predicted 
fatigue crack growth life from the microstructural scale to failure was ~37K cycles.  As might 
be expected, all of the fatigue life data reported here are higher than the predicted crack growth 
life, with apparent initiation lives ranging from 60% to over 95% of the total fatigue lifetime.  
However, the variability in fatigue life is quite large, and the true minimum life limiting fatigue 
behavior has almost certainly not been captured in the 32 tests conducted in this study. 

If the life limiting behavior is assumed to be approximated by the B.1 fatigue life, then the 
37K cycle fatigue life predicted by the crack growth analysis for the 827 MPa stress condition 
is quite reasonable.  Nominal power law-based crack growth properties were assumed for these 
estimates, with the power law fit extended below the long-crack threshold to serve as a first 
approximation to the small crack correction [12].  A number of factors that influence 
computations of crack growth were not taken into account, including variability in the long 
crack growth data, effect of microstructure on the initial crack size, a rigorous treatment of 
small crack behavior, and the effect of surface residual stresses produced by the specimen 
machining process.  Despite these exclusions, the crack growth prediction is approximately 
75% of the B.1 fatigue life of 50K cycles, with all of the data taken as a single population, and 
is approximately 50% of the B.1 fatigue life of 60K cycles for the A/B data population.  
Assuming that the difference between the crack propagation life approximation (37K cycles) 
and the B0.1 fatigue lives (50K to 60K cycles) shown in Figure 3 can be used to approximate 
the proportion of life spent in crack initiation, then the results indicate initiation lives in the 
range of 25% to 40%, depending on forging location, for the life limiting behavior. 

In summary, the wide variability in fatigue lifetime behavior suggested by preliminary 
data from literature was observed in the current fatigue results.  Some of the variability was 
attributed to microstructural texture within the forging.  Despite this difference in fatigue lives 
with forging location, no indication of the mechanisms responsible could be identified from 
inspection of the crack initiation sites, and no trend was observed based on whether initiations 
occurred internally or on the surface of the specimen.   An estimate of life-limiting fatigue 
behavior was calculated assuming a zero initiation life, and using a power law fit to long-crack 
growth rate data obtained from the same material source.  The estimated life compared well 
with B.1 fatigue lives obtained from a statistical analysis of the data, assuming a normal data 
distribution and indicating that a fracture based fatigue life system is plausible.  An area of 
continuing promise for understanding these phenomena is probabilistic meso-scale modeling. 
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Figure 1. Specimen extraction layout of material forging 
cross-section. 

 

 Figure 2. S-N fatigue test results with fatigue crack growth 
life computation curve. 
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Figure 3. Probability of failure vs. log(cycles) all forging 
locations, shown with the predicted crack growth life estimate 

for the experimental test condition. 
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(b)                 20m 

Figure 4. Typical observed fracture surfaces from surface (a) 
and internal (b) fatigue crack initiations. 
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