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Effect of prestrain on the fatigue properties of Ti834
MT Whittaker, WJ Evans

Swansea University

Abstract

The effects of cold dwell on titanium alloys have been widely studied in recent years, with many alloys
showing detrimental mechanical properties when dwell periods are introduced at peak load. Failures in
such situations are often characterised by the formation of quasi cleavage facets, and models have been
suggested to explain the mechanism by which they occur. This paper seeks to investigate how different
mechanical test regimes influence facet formation. It is shown in the titanium alloy Ti834 that facet
formation occurs readily under stress relaxation and creep loading, but is less influenced by cyclic
strain control loading. The implications of this type of strain accumulation process on the mechanical
properties of Ti834 are discussed, with close correlation between suggested models and experimental

data.
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Introduction

The near alpha titanium alloy Ti834 has exceptional high temperature creep properties up to 630°C and
as such has been used in a wide variety of gas turbine applications. In developing the alloy, it was

recognised that low cycle fatigue behaviour at lower temperatures is also a potential design limiting

factor. An optimum compromise between high temperature creep and lower temperature fatigue was



achieved through careful control of the microstructure!¥). In spite of this effort, it is clear that the LCF
behaviour of Ti834 can be compromised by a sensitivity to dwell periods at near ambient
temperatures!?. The sensitivity is a consequence of what has been termed ‘cold creep’ and is
characterised by the development of quasi-cleavage facets on basal planes within the microstructure.
As such the development of these facets is extremely dependent on microstructure.

Evans and Bache have proposed a model by which these facets develop™. More recently experiments
in a model large grained alloy™ have helped to confirm the theory that the facets form due to
dislocation pile ups at the boundaries of grains unsuitably orientated for slip. The induced combination
of tensile and shear components of stress leads to cleavage along the basal (or occasionally prismatic)
planes resulting in what have been loosely termed ‘quasi-cleavage facets’. These microstructural
features are considered highly detrimental by component designers due to the likelihood of sub surface
fatigue crack initiation.

Although the mechanisms of facet formation are reasonably well understood, the specific macroscopic
loading conditions under which they form is not fully understood. The number, type and orientation of
facets formed shows a dependence on temperature, stress and dwell time. Indeed Sinha et al™ have
shown that orientation of facets in Ti6242 is dependent on loading type, with the angle the facet-
normal makes with the loading direction increasing in the order cyclic fatigue, dwell fatigue, static
loading. The current work seeks to examine the effect of a number of different loading configurations
on the development of facets in Ti834, and also the effect that varying levels of prestrain have on the
mechanical properties of the alloy. Prestrain has long been utilised as a method of improving creep
properties in many alloys®® and also in improving HCF properties in titanium™. Its effects on LCF
properties however, particularly under the strain control loading conditions typical of many rotating

applications, have not been investigated, and may provide a mechanism of improving fatigue life.



Experimental method

A targeted programme of testing was devised in order to examine both the effect of prestrain on the
mechanical properties of Ti834 and also the development of quasi-cleavage facets. Plain cylindrical
specimens of nominal diameter 5.5mm were utilised, with exact measurements taken using a
micrometer before each test. Three levels of prestrain were applied to the batch of specimens, with one
set of specimens tested in the as received condition. This allowed for four testing conditions:-

1) As received, or 0% prestrain

i1) 2% tensile prestrain

iii) 8% tensile prestrain

Iv) 2% compressive prestrain or -2% prestrain

The prestrains quoted are in terms of total applied strain, and therefore contain elastic and plastic
components, the elastic part of which is recovered on unloading (usually about 0.75%). The strain was
applied at a constant strain rate of 0.5%/sec using an MTS extensometer with a gauge length of 12mm.
Specimens from each prestrain batch were then tested under the following conditions:-

)} Strain control fatigue at 20°C under R=-1 conditions with a peak strain of 1% at a constant
strain rate of 0.5%/sec until failure (Classed as a 10% drop in load from the stabilised
condition) using a trapezoidal 1-1-1-1 waveform, according to BS7270%!

i) Stress relaxation at 20°C for 3 hours at a constant strain of 1%. These specimens were then
cycled to failure under the same conditions used in (i)

iii)  Ambient temperature (20°C) creep testing at 950MPa and under constant load conditions



Results

The IMI1834 (Ti834) was supplied in the form of bar stock and had a bimodal microstructure, Figure 1,
containing primary o grains of varying shapes and sizes, ranging from 20-200um in maximum length.
Figure 2 shows a higher magnification image of the microstructure where Widmanstatten lathes of 2 -
5um in thickness and 20 - 50um in length are evident.

After the initial prestraining specimens were unloaded and removed from the machine. The resultant
stress-strain curves for the -2% (2% compressive) and 8% prestrains are shown in Figures 3 and 4.
Modulus values of 114-129 GPa were measured during prestraining, consistent with the published

average value of 120GPa on the TIMET website[.

Stress relaxation tests

The effects of prestrain on stress relaxation of the material are recorded in Figure 5. The greatest
tensile prestrain displays the least stress relaxation, both as a percentage drop in stress over the 3
hours, and as a final stress. The final stresses of the specimens are ordered in terms of tensile prestrain
with the 8% prestrain specimen highest, followed by the 2% prestrain, and the 0% prestrain, with the -
2% prestrain achieving the lowest final stress.

Figure 6 however shows that this is also a consequence of the conditions achieved on loading. The 2%
prestrain test attained the highest stress, but then relaxed significantly to achieve a lower final stress
than the 8% prestrain specimen. It is clear that the greatest effect of the prestrain is on the yield stress,
which differs considerably between the different levels. Thus in the -2% prestrain specimen it is
difficult to obtain a true modulus from the loading curve because the material begins to yield at

approximately 400MPa, whereas in the 2% prestrain specimen, yield is at 1000MPa approximately.



Strain control tests

Two types of loading sequence were used in the strain control tests. In the first, the specimen was
initially loaded to a 1% tensile strain prior to strain control cycling at R=-1 (Tension-Compression, or
T-C). For the second the specimen was first loaded into compression before commencing the R=-1
strain control cycle (Compression-Tension, or C-T). Two specimens of each prestrain level were
tested, one tension first and the other compression first. The resultant lives are recorded in Table 1,
along with values for the maximum stress, minimum stress and stress range at the stabilised condition.
Additional data are recorded in Table 2 for specimens that had previously experienced stress relaxation
for three hours, and then subsequently been subjected to strain control cycling to failure at R=-1 and a
1% peak strain (tension first).

The first loops for the different prestrains (of non-stress relaxed specimens) provide a clearer
indication of the effects of prestrain, Figure 7. The tensile parts of the loops match the loading curves
for the stress relaxation tests. Clear differences however can be observed from the compressive part of
the cycle. Firstly the prestrain causes a drop in yield stress in the opposite quadrant of the stress-strain
loop, i.e. tensile prestrains reduce the compressive yield stress, and the compressive prestrains reduce
the tensile yield stress. Secondly it is noticeable from Table 1 that the different prestrains result in
different values for the stabilised stress range (Aoc) at half life. The highest Ac occurs in the 0%
prestrain specimens and the lowest in 8% prestrain tests.

Figure 8 shows the evolution of maximum and minimum stress throughout each test. It is clear that
despite the initial prestrain, and the change in the shape of the initial loops, each test tends towards a
common maximum stress. This is not the case with the minimum stress. Similar results are evident
from the maximum stress of the ‘compression first’ tests shown in Figure 9, although the minimum

stress values, with the exception of the 8% prestrain test, now approach a consistent value.



Discussion

Ti834 was selected for this investigation because of its well established tendency to show time
dependent effects at ambient temperatures. Previous work!"% *! has shown that this ‘cold creep’ is
characterised by the formation of quasi-cleavage facets, and a mechanism for their formation has been
proposed by Evans and Bache, based on the offloading of stress from suitably orientated ‘weak’ grains
onto neighbouring ‘hard grains. The resultant combination of tensile and shear stresses allows for
cleavage of grains, often orientated with basal planes near perpendicular to the loading direction.
Recent work by Sackett et al™® however has shown that in the absence of suitably orientated basal
grains, cleavage of prismatic orientated grains may occur.

In the present work facetting was evident in the specimens that had undergone stress relaxation.
Previous work!*? has shown that in a similar titanium alloy, Ti6-4, the formation of facets is indeed a
time dependent process since it was shown that no facets were formed under tensile loading, and only
occurred when a period of stress relaxation was introduced.

As part of this programme, the cold creep behaviour of Ti834 was also investigated, and reported
elsewhere!™®. 1t is however interesting to note the effect that prestrain has on the creep properties of the
material, Figure 10. It can be seen that prestrain results in a reduction in strain to failure for both -2%
and 2% prestrain levels, although the rate of strain accumulation during secondary creep increased in
both cases. At the larger prestrain of 8% however, the number of dislocations generated prohibits the
movements of further dislocations, since thermal energies are low at room temperature, and the ability
for dislocations to cross slip and climb is curtailed. These findings are consistent with the work of
Odegard and Thompson!®, who found similar results in Ti6-4, although it should be noted they were
concerned with stresses lower than those used in the current tests.

It is interesting to compare the stress relaxation tests performed in the current work, with the previous

creep work. Figures 5&6 highlight the variations in stress for the tests but it is perhaps more



informative to present the stress relaxation data normalised by the peak loading stress (i.e. stress at t=
0), Figure 11. It is clear that many of the perceived differences between the -2%, 0% and 2% tests are
eradicated. In each case there is a drop of 7-15% in stress over the course of 3 hours. The dislocation
mechanisms controlling this reduction are similar to those responsible for strain accumulation in the
creep tests, Figure 10. In the case of the 8% prestrain specimens however, a high initial dislocation
density restricts further dislocation movement, thereby limiting creep strain accumulation and
relaxation in stress.

The fracture surfaces of the creep specimens were characterised by extensive facetting, an example of
which is shown in Figure 12, from the 0% prestrain specimen. Similar areas of facetting were observed
in the stress relaxation specimens, Figure 13, although it is clear that within the creep specimens larger
areas of cleavage are evident. In both cases the location of these facets is not necessarily related to the
development of a crack.

It seems clear that three individual processes promote the formation of quasi cleavage facets. Fully
reversed strain control fatigue at these strain levels is not one of these processes. The fact that facets do
not form readily under these conditions has been demonstrated by the 0% prestrain strain control
specimens. The fatigue cracks appeared to initiate at a slightly subsurface position, with a possible
individual facet at the site, but other than this no facets were found. According to the Evans-Bache
model the formation of these facets occurs due to the offloading of stress from a ‘weak’ grain
orientation onto a ‘strong’ grain orientation. This process provides the required shear stress at grain
boundaries through dislocation pile ups. However, under fully reversed strain controlled loading, it
seems that these pile ups can be relaxed and do not promote extensive facetting. The most likely
conclusion is that as the stress field is reversed as the specimen moves from tension to compression (or
compression to tension) the pile up at the grain boundary dissipates through dislocation movement

away from the boundary.



It is clear, however, that facets do form during the prestrain process. This is evident from prestrained
specimens cycled to failure under strain control. Individual facets were found in all of these prestrained
specimens. Since it has been shown that no facets were formed under strain control fatigue loading, by
inference, the facets must have formed during the prestrain process. In this case the stress field is not
reversed, and dislocation pile ups at grain boundaries are not relieved.

Indeed, examination of the fracture surfaces showed that the number of individual facets per unit area
increased with prestrain level, though it is unclear as to whether the facets form during the prestrain
loading, or during subsequent relaxation, or unloading. Previous work by Evanst*®! has shown how
facet formation in Ti6-4 under monotonic loading occurs only when a period of stress relaxation is
introduced. This work seems to indicate that it is the period of stress relaxation at peak strain, prior to
unloading, that is most important in facet formation during these tests. The fact that the number of
facets increased with increasing prestrain is a consequence of the higher level of plasticity achieved,
consistent with findings from the creep tests at room temperature.

This argument is supported by the fact that facets formed during the stress relaxation tests, as they
were found on the 0% prestrain, stress relaxed, strain control fatigued specimen. Again, since the
facets do not form during the strain control fatigue process, they must have formed during the period
of stress relaxation. However, facetting is limited due the decreasing stress field associated with these
tests.

The most extensive facetting occurred in the 20°C creep specimens, and since evidence of this was
found at the 0% prestrain level, in can be concluded that creep is a facet forming process. The fact that
large areas of the fracture surface showed evidence of facetting was a reflection of the nature of the
test. Unlike the stress relaxation tests, the stress across the specimen will be constant, or even
increasing as facet formation occurs, reducing the volume of material. The high stress levels now

easily generate adequate dislocations, which under the unidirectional stress form large areas of pile



ups, leading to cleavage. It was also noticeable that the facets encompassed not only the primary alpha
grains, but also the transformation product, Figure 12.

To illustrate the reason for the larger facetted areas in the creep specimen, it is useful to consider the
accumulation of plastic strain during a stress relaxation test

E=¢gytey

A
E= (ge, _?G}Lg"' +Aeg,

And clearly a fixed total plastic strain is exchanged for elastic strain in the form

Ag, = Ao
E

Typical values of Ac are 100—150MPa giving
Agp =0.00083—0.00125 = (0.083—0.125)%

And comparing these values to the levels of plasticity seen in the creep tests, Figure 10, it becomes
clear that the significantly lower levels of plastic strain accumulated in the stress relaxation tests limit
the number of facets produced. Recent work suggests™ these facets would most likely be orientated at
approximately 70° to the axis of loading, due to the static nature of creep testing, although this has not
yet been verified.

One important issue is the relationship between stress relaxation and softening that occurs during
fatigue to produce the cyclic stress-strain curve. To explore this relationship the reduction in stress
during the 3 hour relaxations of the prestrained samples have been superimposed on the monotonic and
cyclic curves from previous R=0 repeated fatigue tests**!, in Figure 14. The 0% prestrain test is of
particular interest as it shows that the stress relaxation during the 3 hour period results in a final stress

which lies on the cyclic stress-strain curve. This supports the view that cyclic relaxation is also the



result of time dependent strain accumulation. Clearly for these alloys there is a complicated interaction
between low temperature fatigue and time dependent creep.

Initially it seems difficult to reconcile the 2% and 8% relaxation tests with this type of approach
(assuming that the cyclic stress-strain curve mirrors the shape of the monotonic curve). However,
consideration must be given to the levels of damage induced during the prestrain process. It is
interesting to adopt a fracture mechanics type of approach here and consider the change in compliance
during loading. A change in compliance is associated with changes in crack length but could also be
evidence of increasing damage. It is interesting to note that the compliance is 7.74x10°GPa™ in the 0%
specimen, 8.78x10°GPa™* following 2% prestrain and 9.52x10°GPa™ in the 8% prestrain specimen.
The damage incurred in the form of facetting could account for the fact that the 2% and 8% curves fall
to values below the monotonic and cyclic stress-strain curves.

Figure 15 shows the performance of the current strain control fatigue specimens, compared with
previous Ti834 bar stock data tested as Swanseal!. It can clearly be seen that the 8% prestrain results
in a significant reduction in fatigue life. The 2% prestrain test with the shorter life shows only a minor
reduction in expected life, when the scatter of the data is considered. This trend is consistent with the
stress relaxation tests, in that a prestrain of up to 2%, compressive or tensile, only marginally affects
the mechanical properties of this alloy. For 8% prestrain however, the dislocation density produced has
marked effects in terms of reduced creep rates, stress relaxation and fatigue properties.

The creep strain accumulation of the 20°C 0% specimen can be modelled by summing a logarithmic
strain relationship with a linear damage criterion, & = azlog(a >t+1) + a st, where a4, 0y, oz are material
parameters which can be related the applied stress through a polynomial fit, Figure 16. The form of
this equation indicates that accurate description of the creep curve requires both a logarithmic and
linear term. The accumulation of damage can be considered to represent the development of facets
throughout the test. It can be seen that the summation of the two mechanisms gives an extremely

accurate representation of the creep curve. A logarithmic relationship is generally considered to be



representative of a ductility exhaustion mechanism as a strain hardening mode of deformation. The

linear damage law implies that facet formation commences at the very beginning of plastic strain

accumulation.

Conclusions

Three processes examined here appear to promote the development of facets in Ti834.
Individual facets form under prestrain and stress relaxation, whereas large areas of quasi-
cleavage occur in creep specimens, associated with extensive plastic strain accumulation.

At low prestrain levels of -2% and 2% the mechanical properties of the material show only
minimal differences. Fatigue lives under strain control were not significantly affected and creep
rates are not dramatically altered, although strain to failure is reduced. Stress relaxation on a
normalized basis shows little variation.

High dislocation densities generated by 8% prestrain does significantly alter properties. Fatigue
lives are reduced as are creep rates at 950MPa at room temperature. Previous work!® however
indicates that the prestrain effects will vary with stress in these creep tests.

Plotting stress relaxation alongside monotonic and cyclic stress-strain curves indicates that
cyclic relaxation in strain control tests may be the result of time dependent creep effects.

The summation of a logarithmic creep term and a linear damage term to represent facet

development gives an excellent representation of room temperature creep rates in this alloy.
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Table 1: Fatigue lives of non-stress relaxed R=-1 strain control specimens for each prestrain level

Peak stress Minimum Stress Stress range
Prestrain | Loading type (MPa) (MPa) (MPa) Life
0% Tens-Comp 938 -1018 1956 601
0% Comp-Tens 972 -856 1828 491
2% Tens-Comp 934 -876 1710 551
0 -
2% Comp-Tens 933 874 1807 681
8% Tens-Comp 904 -745 1649 361
8% Comp-Tens 924 -763 1687 201
-2% Tens-Comp 847 -1001 1848 741
-2% Comp-Tens 891 -954 1845 541

Table 2: Fatigue lives of stress relaxed specimens, cycled under R=-1 strain control conditions for each

prestrain level

Peak stress Minimum Stress Stress range
Prestrain | Loading type (MPa) (MPa) (MPa) Life
0% Tens-Comp 929 -933 1862 581
0 -
2% Tens-Comp 929 884 1813 596




8% Tens-Comp 926 -736 1662 301
-2% Tens-Comp 876 -1014 1890 411

Figure 1: Microstructure of Ti834, showing a bimodal structure with a primary alpha grain size of 20-

200pm.
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Figure 3: Stress-strain curve showing prestrain loading of -2% specimens at 20°C.
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Figure 4: Stress-strain curve showing prestrain of 8% specimens at 20°C.
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Figure 5: Comparison of stress relaxation curves of -2%, 0%, 2% and 8% specimens at 20°C.
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Figure 12: Cleavage of primary alpha grains and transformed product in 0% creep specimen due to

consistently high applied stress values.
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Figure 13: More isolated facets occur under stress relaxation due to the reducing stress field. Example

shown is 0% prestrain specimen.
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