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Abstract: For titanium alloys, crack initiation as a result of plastic strain accumulation has been shown to govern fatigue life under the high cycle fatigue regime. In this
study, the early plastic slip activity and fatigue crack initiation was studied using a cyclic four point bending test at 10 Hz with a load ratio of 0.1, up to 90% of the proof
stress. The plastic slip in the high stress area was monitored by interrupting the test and performing optical microscopy. Following fatigue crack initiation, scanning electron

microscopy (SEM) combined with electron backscatter diffraction (EBSD) was used to identify the slip and crack initiation mode in a 600 x 600 μm2 area. Using slip trace
analysis, it was shown that primary alpha grains offered dominant plastic deformation with basal slip activation. Cracking along basal planes was determined to be the
dominant damage mode.
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1 Introduction

TIMETAL®834 is a near-α titanium alloy developed for high temperature (up to 600 ºC) service parts in gas turbine engines [1]. Its bimodal microstructure consisting of
equiaxed primary alpha (αp) grains located at the triple-point of the β grain boundaries and secondary alpha (αs) colonies is produced by deformation in the α+β phase region

with subsequent recrystallization and ageing. By changing deformation conditions and cooling rates during processing, critical microstructural parameters including volume
fraction and size of primary alpha grains, β grain size and secondary alpha colony size can be tailored to achieve certain material properties. It has been reported that

TIMETAL®834, with a bimodal microstructure and around 15% primary alpha grains exhibits well-balanced creep-fatigue properties [2].

During service, high cycle fatigue (HCF) has been found to be the largest single cause of component failure [3]. Although previous work has shown that fatigue damage is the

result of the accumulation of localized plastic deformation during cyclic loading, which is directly related to the microstructural heterogeneities among constituent grains [3-

5], the relevance of slip activation during fatigue loading is still not clear. Some research suggests prismatic slip dominates [6, 7] while other work proposes that basal slip is

more prominent, depending on the composition of the alloy [8]. For instance, it has been claimed that prismatic slip is favoured in pure Ti, whilst basal is increasingly

favoured with the addition of α-stabilisers [9]. Numerous experimental studies have reported that the mechanism of fatigue crack initiation is correlated with the slip bands

across primary alpha grains or secondary alpha colonies in bimodal microstructures [7, 8, 10, 11]. Therefore, to have a better understanding of the plastic deformation and

fatigue crack initiation in TIMETAL®834, a statistical analysis of slip system activity and its link to crack initiation is required.

In the present paper, we focus on the micromechanical plastic deformation and mechanisms of fatigue crack initiation in bimodal TIMETAL®834 alloy. Early plastic

deformation was studied by interrupted fatigue tests under four point bending. The fatigue crack initiation was monitored by optical and scanning electron microscopy (SEM)

from the specimen surface where stress is highly concentrated. The studied areas covered hundreds of grains and slip trace analysis was used to identify active slip systems in

the same area by SEM combined with grain orientation data by Electron Backscatter Diffraction (EBSD).

2 Materials and experimental procedure

The material utilised for this study was a TIMETAL®834 forged bar (with a diameter of 250 mm) provided by TIMET UK Ltd. In order to create a bimodal microstructure, a
two-step heat treatment was undertaken consisting of a solution heat treatment at 1015 ºC for 2 hours followed by oil quenching to acquire a microstructure with equiaxed
primary alpha (αp) grains in the lamellar secondary alpha (αs) colonies. Subsequent ageing at 700 ºC for two hours was employed to release the residual stresses induced in the

previous step. It is also well established that such ageing heat treatment promotes a2 formation [12]. All heat treatments were conducted in a tube furnace under an argon

atmosphere. The final microstructure is presented in Figure 1. (b), which reveals that the volume fraction of primary alpha is at approximately 25% with 75% remaining as
secondary alpha colonies and a very small fraction b ligaments retained from the b grains present during the solution heat treatment.

The forged bar was machined into 25×3×4 mm3 specimens by wire electric discharge machining for testing. For EBSD and SEM studies, samples were prepared by grinding
with SiC paper from #400 to #4000 and finally OPS polishing for 20 minutes in a suspension consisting of 80% 0.05 μm OPS and 20% hydrogen peroxide. After preparation,
microhardness indents were placed to denote the area of interest for microscopy.

Four point bending fatigue test was carried out at room temperature on un-notched samples. The distance of inner rollers was set to 4mm apart and the loading rollers to

15mm apart, which supports a 3×4 mm2 maximum stress area on the tensile surface. The fatigue test was performed in a load control mode with a sine waveform signal at a

frequency f = 10Hz, a ratio Rσ = σmin / σmax = 0.1 and σmax = 840 MPa (σ0.2 = 927 MPa) using a Bose 3kN testing machine. The stress along the tensile surface was

calculated using the following equation [13]:

                                                                                                   σ = 3F(L-Li)/2bd2                                                                                                        (1)                                            
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Where L is the distance between loading rollers, Li is the distance between the inner rollers, b is the width of the sample, d is the depth, F is the load and σ is the stress on the

tensile surface. The advantage of four-point bending over three-point bending is that more crack initiation sites would be captured in the uniform stress distribution area.

The early plastic deformation in a bimodal TIMETAL®834 specimen was characterized by interrupted fatigue testing. Optical microscopy provides a quick approach to

monitoring the development of plastic deformation and crack initiation. Slip trace analysis was performed in an area of 600 × 600 μm2 located at the centre of the high stress

area as shown in the Figure 1 (a) comparing slip traces recorded by SEM with theoretical slip trace angles determined using grain orientation obtained by EBSD. EBSD scans

were performed at an operating voltage of 20 kV and a step size of 1 μm using a TESCAN field emission gun SEM. The SEM images were acquired in Back-Scattered

Electron (BSE) mode to have high contrast between primary alpha grains and secondary alpha colonies. A ±5º criterion was used to compare the theoretical and observed slip

traces. Pyramidal slip systems were not considered in this study due to the very low activation frequency in the low stress range and only basal and prismatic slip system were

studied. Among the three slip directions in the basal plane, the one with the highest Schmid factor was assumed to be the active one.

Figure 1. (a) Schematic of the four-point bending fatigue test; (b) optical micrograph of the bimodal microstructure of TIMETAL®834.

3 Results and Discussion

3.1 Development of plastic deformation during interrupted fatigue test

The development of plastic deformation on the sample surface was tracked in an area measuring 600 × 600 μm2. This area was selected from the region of high uniform stress
located between the two inner rollers. As presented in Figure 2, there are 52 primary alpha grains with slip activation after 1000 cycles, 53 primary alpha grains with slip
activation after 20,000 cycles and 56 primary alpha grains with slip activation after 60,000 cycles. With the cycling number increasing to 100,000, the active primary alpha
grains is still 56 but monitored with crack initiation. Besides, SEM observation reveals that 95% slip activity is restricted to primary alpha grains which accommodate the

dominant plastic deformation. Therefore, the slip system activity in the secondary alpha colonies is not discussed in the present work. Slip trace analysis was carried out after
60000 cycles with 56 primary alpha grains among 246 primary alpha grains in total exhibiting slip activation.
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Figure 2. Optical images of the development of slip activities in different cycles: (a) 52 αp grains with slip activation after 1000 cycles; (b) 53 αp grains with slip activation after 20000

cycles; (c) 56 αp grains with slip activation after 20000 cycles; (d) 56 αp grains with slip activation after 100000 cycles.

3.2 Distribution of slip activation related to Schmid factor

Figure 3 compares the histogram of Schmid factor distribution predicted by EBSD with the Schmid factor distribution of the active slip system based on slip trace angles
determined from SEM by slip trace analysis. Firstly, to predict the Schmid factor distribution for the two easy active slip systems in primary alpha grains, those distributions
were calculated based on the maps recorded by EBSD. It should be noted that this analysis did not include any areas of secondary alpha and the total number of primary alpha
grain was 246. Figure 3 (a) shows the prismatic and basal Schmid factor distributions demonstrating that there is a slightly higher fraction of grains well aligned for basal than
prismatic slip. It is also noticeable that while basal slip is distributed over a relatively wide Schmid factor range, potential prismatic slip is constrained to only high (>0.35)
Schmid factors. For example, for the highest Schmid factor binning range (0.45 – 0.5), about 27% of primary alpha grains are associated with potential basal slip whereas only
16% of primary alpha grains are associated with potential prismatic slip. Based on those distributions one might expect to see slightly more basal than prismatic slip traces in
the studied region. Figure 3 (b) displays the outcome of the slip trace analysis after 60,000 fatigue cycles plotting the frequency of prismatic and basal slip traces as a function
of Schmid factor. The analysis revealed that only 56 of the 246 primary α grains has developed any slip traces and only one grain exhibited prismatic slip, the frequency of

which is much lower than predicted in Figure 3 (a).
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Figure 3. (a) Distribution of likely slip systems activation in αp grains according to Schmid factor from the studied area; (b) distribution of observed slip systems after 60000 cycles as
a function of Schmid factor.

The dominance of basal slip systems has been clearly shown. In order to discuss whether or not local crystallographic orientation will influence the slip activation, the
orientation of each primary alpha grain in the analysed area with respect to the tensile axis was projected on an inverse pole figure (IPF, Figure 5). It is clear that due to the

lack of significant texture, the grains are distributed homogeneously on the unit triangle. The basal and prismatic slips are also indicated on the IPF with red dots
corresponding to active basal slip and blue dots to prismatic slip. Prismatic slip was observed as the preferential deformation in α-titanium single crystals with the lower
critical resolved shear stress (CRSS). The competition of different slip activation will be influenced by chemical composition in Ti alloys. With an addition of aluminium and
interstitial elements increase, CRSS value of prismatic slip system will increase. It was indicated that basal slip becomes equally favoured to prismatic slip when the
aluminium content exceeds to 6.6 wt% [14]. The elastic anisotropy of the hexagonal close-packed primary alpha phase, depending on the angle between the c - axis and

tensile stress direction [2], needs to be considered too in the studied loading stress area. It reaches the maximum when the tensile stress direction is parallel to the c - axis,
which means higher level of stress concentration near the [0001] pole of the IPF. Therefore, basal slip is more likely to activate compared to prismatic slip when the Schmid

factor is similar. This consideration might explain the apparently low frequency of prismatic slip activation.

3.3 Fatigue crack initiation related to local grain orientation

In this study, crack initiation is defined as a crack with length comparable to the scale of the smallest microstructure features [15]. All cracks were observed to initiate across a
primary alpha grain and EBSD data shows that all the cracks in the fractured grains occur along the basal plane. An example of this is demonstrated in Figure 4. For example,
the crack in grain1 occurs along a basal plane with Schmid factor 0.429, which is moderate (<0.45) among all active basal grains. This kind of fatigue damage related to slip
planes across αp grains in bimodal microstructure of Ti alloys is in agreement with previous studies [7, 8, 16]. Based on Stroh’s model, it was proposed that fatigue crack

initiation along the basal planes is due to the restricted slip activities on this plane. So the slip of the soft grains could transfer shear stress into the neighbouring hard grains
across the grain boundaries and thereby introduce a tensile stress in the hard grains and cause a slip band to form, which then results in the cleavage of basal plane [17, 18].
However, in the materials studied here, slip occurs primarily in these hard orientaed grains, which deform by basal slip. The fractured grain is located around the [0001] pole
shown (Figure 5), where tensile stress component is high. The basal cracks lies on the basal planes with a relatively high resolved shear stress combined with high resolved
tensile stress.

Figure 4. An example of basal crack in grain1: BSE image of the microstructure (a) after 6000 cycles; (b) after 20,000 cycles; (c) after 100,000 cycles and (d) EBSD image in loading
direction of tensile stress.
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Figure 5. Crystallographic orientation of αp grains which shows basal slip (red), prismatic slip (blue) and basal crack (black triangle), where crystal orientations are relative to the
tensile axis.

4 Conclusions

The early plastic deformation and fatigue crack initiation was studied in a bimodal TIMETAL®834 alloy using a combination of optical microscopy, SEM and EBSD. The
results can be summarized as follows:

(1) Based on a statistical analysis on 246 grains, primary alpha grains offered dominant plastic deformation compared to secondary alpha colonies.

(2) Basal slip was found to be by far the dominant active slip system under stress load controlled fatigue test below the 0.2% proof stress despite the local texture providing
also plenty of grains well aligned for prismatic slip.

(3) Fatigue crack initiation occurred in the primary alpha grains along the basal planes. The grain displayed a moderate Schmid factor for basal slip (0.43) and an angle of 29°
between the c-axis and the tensile loading direction.
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