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A B S T R A C T   

Titanium alloys are widely employed in aerospace applications due to an outstanding combina
tion of properties. The variety of loading conditions and microstructures encountered in industrial 
components is urging the development of microstructure sensitive modeling capabilities. In 
particular, reliable predictions require a good knowledge of operating deformation mechanisms. 
The present study aims at providing a thorough characterization of deformation mechanisms in 
the near-α Ti-6Al-2Sn-4Zr-2Mo alloy using experiments and simulations. The sequential activa
tion of deformation mechanisms in the α phase was monitored in situ during a tensile test carried 
out in a scanning electron microscope using a combination of slip traces analysis and electron 
back-scattered diffraction. Basal slip is activated first, and prismatic slip activity, which proceeds 
at a higher macroscopic stress level, is needed for a significant creep/relaxation to occur. While 
little evidence of 〈a〉-type pyramidal slip was found, 〈c + a〉 pyramidal slip involved first-order 
pyramidal planes and operates at stress levels near or above the 0.2% proof stress. Atomic 
force microscopy characterization of the features of the different slip modes revealed that 〈a〉 slip 
is coarser and wavier than 〈c + a〉 slip. Twinning, which is usually neglected in such alloys within 
this strain regime, was observed to be slip stimulated at a plastic strain as low as 0.5%. Crystal 
plasticity parameters leading to an accurate simulation of the activation sequence of deformation 
mechanisms were then determined. For this purpose, critical resolved shear stress values were 
derived for the different slip and twinning modes using specific approaches and subsequently 
validated using crystal plasticity simulations based on fast-Fourier transforms.   

1. Introduction 

Near-α titanium alloys, such as Ti-6Al-2Sn-4Zr-2Mo, are extensively used for high temperature applications in gas turbine engines 
in the aerospace industry due to superior properties including a high creep resistance (Gerd Lütjering, James C. Williams, 2007). 
Tailoring of microstructure and composition is currently a topic of intense research in order to reach higher operation temperatures. 
Over the past decades, crystal plasticity finite elements models became a key tool for an improved understanding of the interplay 
between microstructure and deformation in Ti alloys (Lhadi et al., 2018; Smith et al., 2018a; Venkatramani et al., 2007; Waheed et al., 
2019). Specific features of titanium alloys have been incorporated in the simulations such as microstructural arrangements resulting 
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from Burgers orientation relationships (Deka et al., 2006; Venkatramani et al., 2007; Waheed et al., 2019; Zheng et al., 2018), and 
room temperature creep deformation (Dunne et al., 2007a; Hasija et al., 2003a; Neeraj et al., 2000). These developments have led to an 
improved mechanistic understanding of dwell fatigue lifetime debits due the load hold periods at peak stress through simulations of the 
deformation behavior in microstructural configurations associated with crack initiation (Dunne et al., 2007b; Hasija et al., 2003a; Shen 
et al., 2022). The consequences of microtextured regions arising from the applied thermo-mechanical processing route (Semiatin, 
2020) are also being addressed owing to increasing computational capabilities and novel simulation techniques (Cappola et al., 2020; 
Hémery et al., 2019; Liu and Dunne, 2020; Nait-Ali et al., 2021). For instance, crystal plasticity simulations based on fast-Fourier 
transforms allowed to consider realistic microstructural regions at the millimeter scale and unravel the consequences of the pres
ence of microtextured regions on the mechanical response (Hémery et al., 2019). In spite of advanced models incorporating complex 
interactions between microstructure and deformation, a recent study highlighted the critical need for experimental inputs to obtain an 
accurate simulation of the experimental behavior (Tari et al., 2018). 

Microplasticity at room temperature in Ti alloys was recently reviewed (Hémery et al., 2020). As the hexagonal closed-packed 
(HCP) α phase accounts for more than 90% of the surface fraction and governs the deformation and fatigue damage of near-α and 
α+β alloys, this phase has been the subject of continuous research efforts (Pagan et al., 2023). It is well established that basal and 
prismatic slip system are the main deformation systems operating in Ti – 6 wt.% Al based alloys (Bridier et al., 2005; Echlin et al., 2016; 
Hémery et al., 2018a; Hémery and Villechaise, 2017a). Although prior studies showed that they exhibit quite similar critical resolved 
shear stress (CRSS) values, in situ SEM monitoring of slip activation has demonstrated that basal slip is activated first (Dichtl et al., 
2022; Echlin et al., 2016; Hémery et al., 2018a; Hémery and Villechaise, 2017a). This feature is believed to stem from the elastic 
anisotropy of HCP α phase: α grains well oriented for basal slip generally experience higher stress than α grains well oriented for 
prismatic slip (Hémery et al., 2019; Hémery et al., 2018b). However, this critical feature is generally not validated for CRSS datasets 
reported in the literature. Also, α grains deforming via basal slip experience higher strains (Charpagne et al., 2020; Hémery and 
Villechaise, 2019) and exhibit higher strain rate sensitivities (Zhang et al., 2016a, 2016b) than α grains deforming via prismatic slip. 
Pyramidal slip activity involving an <a>-type Burgers vector is less documented. While some observations were reported (Zaefferer, 
2003), slip traces analysis involving statically meaningful numbers of observations showed that <a>-type pyramidal slip is rare 
(Bridier et al., 2005; Hémery and Villechaise, 2017a). Notably, cross-slip of 〈a〉 dislocations onto pyramidal planes was suggested 
(Castany et al., 2007). 

<a>-type slip cannot accommodate the c-axis deformation of the HCP lattice, which relies on the operation of <c + a>-type slip or 
twinning. The former is generally observed to be active in Ti alloys containing 6 wt.% Al (Zaefferer, 2003). Unless TEM analysis or 
advanced digital image correlation techniques involving Burgers vector identification are used, slip traces analysis leads to a difficult 
discrimination of 〈a〉 and 〈c + a〉 slip as both can proceed on first-order pyramidal planes. As a consequence, statistical data about 〈c +
a〉 slip in polycrystalline materials has not been reported to the best of the authors’ knowledge. The reported tension – compression 
anisotropy (Jones and Hutchinson, 1981a; Roberts et al., 2020) and the possible glide along first- and second- order pyramidal planes 
further complicates the analysis (Gerd Lütjering, James C. Williams, 2007). This results in (i) a high scatter in the reported CRSS values, 
(ii) an unclear crystallographic orientation domain where it is likely to operate and, in turn, (iii) an imprecise assessment of its 
contribution to the deformation. Finally, twinning is generally held inactive in Ti alloys with a high Al content due to the inhibiting 
effect of short range order (Fitzner et al., 2016). However, many recent studies have shown that twinning can operate at moderate 
strains although the lower bound of the strain range is not clear yet (Lavogiez et al., 2018; Prakash et al., 2010). While a minor 
contribution to the macroscopic deformation behavior is expected, an important role could be played under cyclic loadings (Lavogiez 
et al., 2018; Ma et al., 2017). 

As suggested in the previous paragraphs, deformation of Ti alloys in the strain regime relevant for cyclic loadings such as expe
rienced in service still deserve complementary characterization. For instance, an accurate description of the sequential activation of 
the various deformation systems is still missing from literature data, though critical for a physically realistic simulation of the 
deformation behavior. In addition, CRSS datasets available in the literature, which sometimes do not include pyramidal slip systems or 
twinning, generally lack validation against grain scale experimental data to demonstrate the degree of reliability of the reported 
values. Another important question pertains to the relation between creep deformation, which is key in the reduction in cycles to 
failure occurring under dwell-fatigue loading for example (Liu et al., 2021; Venkatramani et al., 2007), and the operating deformation 
mechanisms. Individual behaviors of basal and prismatic slip systems (Chatterjee et al., 2017; Zhang et al., 2016a, 2016b), or the 
macroscopic viscoplastic response (Imam and Gilmore, 1979; Kapoor et al., 2020; Khan et al., 2004; Neeraj et al., 2000; Ruiz de Sotto 
et al., 2020) have been characterized. However, no clear relationship between the sequential activation of deformation mechanisms 
and the viscoplastic response of the material has been reported to the best of the authors’ knowledge. Finally, the character of the 
different slip modes, including an assessment of slip waviness, bands spacing and localization, is of fundamental importance to un
derstand the deformation behavior (Brandes et al., 2010; Welsch and Bunk, 1982) and the fatigue performance (Risbet et al., 2003; 
Stinville et al., 2022). In addition to a decades long interest (Margolin and Longo, 1979; Truax and McMahon, 1974; Williams et al., 
1974), this topic has recently received an increasing attention with the development of high-resolution digital image correlation 
(Charpagne et al., 2020; Dhekne et al., 2023; Hu et al., 2023; Lagattu et al., 2006; Lunt et al., 2017). This technique provides an 
unmatched capability to study large regions, but can be limited by its spatial resolution and hypothesis used in continuum mechanics 
(Bourdin et al., 2018). Complementary analyses using atomic force microscopy, which can overcome these limitations over a more 
restricted area of interest, have not been reported yet to the best of the authors’ knowledge. The motivations of the presently reported 
work are based on these knowledge gaps. 

In this study, an in-situ scanning electron microscope (SEM) tensile test was carried out on a Ti-6Al-2Sn-4Zr-2Mo specimen. In situ 
tensile testing in a SEM is a key tool to monitor the activation of deformation mechanisms as a function of the applied loading while 
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maintaining a statistically significant number of observations (Barkia et al., 2015; Hémery and Villechaise, 2017a; Li et al., 2015; Wei 
et al., 2022). While this technique can present disadvantages as compared to X-ray diffraction based approaches that provide a 
straightforward assessment of lattice strains in the bulk (Chakraborty et al., 2020; Miller et al., 2020), active deformation mechanisms 
such as slip modes can be directly identified. However, a restricted amount of studies have aimed at using the associated data in order 
to extract CRSS datasets with a dedicated approach (Hémery et al., 2017a; Li et al., 2013). For the sake of simplicity, deformation was 
studied in equiaxed α grains to address the important knowledge gaps highlighted previously. Slip traces analysis and EBSD char
acterization were employed to identify active deformation mechanisms as a function of the macroscopic stress / strain state while 
considering a statistically significant number of grains. Threshold macroscopic stress or strain states to activate the different defor
mation modes were then determined and correlated with the stress relaxation or creep kinetics. Characterization of the slip features 
was also performed using atomic force microscopy (AFM), which complemented SEM based techniques through offering access to 
quantitative nanoscale information. Critical resolved shear stress (CRSS) values were then derived from the collected data using 
specific methodologies, including a Eshelby-Kröner self-consistent approach accounting for free surface effects, and validated at the α 
grain scale against fast-Fourier transforms based full-field crystal plasticity (CP) simulations. This methodology ensured to provide a 
set of parameters allowing an accurate simulation of active slip modes in future crystal plasticity studies. 

2. Material and experiments 

2.1. Material 

Ti-6Al-2Sn-4Zr-2Mo (Ti-6242) provided by Timet was used in the present study. The measured composition given by the manu
facturer is Ti-6.08Al-1.96Mo-3.90Zr-1.97Sn-0.11O-0.07Si in weight percent. Internal stress resulting from billet processing in the α+β 
field were relieved using an annealing treatment for several hours at 750 ◦C. A final aging treatment of 8 h at 595 ◦C was applied in 
order to promote α2 precipitation. The resulting microstructure is shown in Fig. 1a. The average diameter of primary α grains is about 
10 µm. They account for 65% of the area fraction. Transformed beta regions containing a bi-modal distribution of α plates embedded in 
residual β phase account for the remaining 35%. The thickness of secondary α plates is approximately 1 µm. This value was obtained 
using more than 100 manual measurements carried out on SEM micrographs. Tertiary α plates with a thickness in the 50 nm range are 
present within residual β layers. An inverse pole figure map showing the local crystallographic orientations is presented in Fig. 1b and 
reveals the presence of microtextured regions with a characteristic size of a few hundreds of micrometers. The orientation density 
function of the α phase is plotted on an inverse pole figure (IPF) in Fig. 1c. Only points with a confidence index higher than 0.1 were 
considered for the texture calculation. The maximum intensity is lower than 2 times random. This value indicates a weak texture which 

Fig. 1. a. SEM micrograph showing the microstructure of the Ti-6242 alloy employed in the present study, b. Inverse pole figure superimposed with 
the image quality map showing crystallographic orientations relative to the loading direction and the degree of microtexture, and c. Orientation 
density function relative to the loading direction plotted on an inverse pole figure. 
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corresponds to a preferential alignment of the [0001] direction with the loading axis. Tensile properties were assessed using strain 
rates of 10− 4 s − 1 and 10− 2 s − 1. Nominal stress – strain curves are reported in Fig. 2a. The yield strengths calculated using a 0.2% 
plastic strain offset are 916 MPa and 966 MPa respectively. The ultimate tensile strengths are 984 MPa and 1013 MPa. Elongations at 
failure are 15.5% and 13.7%. The Young’s modulus is about 120 GPa. 

2.2. In situ SEM tensile test 

A dogbone shaped tensile specimen was machined using electrical discharge machining. The gage length was 10 mm and the gage 
width was 2 mm. Both faces were ground using SiC paper up to 4000 grade. Finally, one face was polished using a diamond suspension 
with 9 µm particles before finishing with a mixture of a colloidal solution containing 0.04 µm silica particles and 10% hydrogen 
peroxide. The resulting thickness of the specimen was about 800 µm. The specimen was tested in tension in a JEOL 6100 SEM using a 
Deben tensile stage equipped with a 5 kN loadcell. A 0.02 mm min− 1 displacement rate, which is roughly equivalent to 3 × 10− 5 s − 1, 
was applied during loading. In order to monitor operating deformation mechanisms, the displacement was stopped at targeted 
macroscopic stress values and several regions of interest were observed. The strain was estimated at each stop using metallurgical 
markers. All stress and strain values reported throughout the article are nominal. The first stop was achieved at a load corresponding to 
500 MPa. To maintain an accurate description of the activation of deformation mechanisms during loading, the macroscopic stress 
increments were progressively decreased. 50 MPa increments were applied up to 600 MPa. 20 MPa steps were then applied and 10 MPa 
steps were used from 650 MPa to 840 MPa. The resulting nominal stress – strain curve is shown in Fig. 2. The 0.2% plastic strain offset 
was reached at the 810 MPa step. The low yield strength as compared to conventional tensile tests is expected to pertain mostly to the 
rate dependent mechanical behavior of titanium alloys at room temperature (Neeraj et al., 2000). The test was stopped at a load 
equivalent to 840 MPa which corresponds to 0.7% plastic strain. 

As crosshead displacement control was used, stress relaxation and creep deformation occurred during the displacement hold. The 
evolution of the load as a function of the hold time is illustrated in Fig. 3a. The decrease in macroscopic stress after a 12 min 
displacement hold (Δσ) was used as a metric for stress relaxation / creep kinetics. While it does not provide a quantitative assessment 
of the strain rate sensitivity or creep exponent, insights into the relation between relaxation or creep behaviors and the macroscopic 
loading were extracted. Δσ values collected in the 650 MPa – 840 MPa range are plotted in Fig. 3b. This range was considered as similar 
macroscopic stress increments were applied. Near 650 MPa, the stress decreased by roughly 1 MPa in 12 min. As shown by the linear 
regressions plotted in Fig. 3b, this value is weakly increasing up to 780 MPa. A 5 MPa drop was noticed at this step. Beyond, the 
increasing rate of the stress drop as a function of the macroscopic stress was significantly higher. This reveals a transition in stress 
relaxation / creep kinetics near 780 MPa. 

2.3. Analysis of deformation mechanisms 

Slip traces analysis was carried out to identify active slip systems. Back-scattered electron micrographs were used for this purpose. 
In addition to topography information, the crystallographic orientation sensitivity was helpful to detect possible twinning. 3 regions of 
interest were followed during the whole test. Each region of interest was approximately 160 µm by 128 µm. An example is shown in 
Fig. 4a. Beyond 800 MPa, 4 additional regions of interest have been followed in order to study less frequently activated deformation 
systems with a statistical significance. Crystallographic orientations were obtained using the EBSD technique. A JEOL 6100 SEM 
equipped with a Hikari EBSD detector provided by EDAX was used for this purpose. A step size of 0.3 µm was applied. Crystallographic 
orientations along the loading direction in a region of interest are shown in Fig. 4a. Basal, prismatic and pyramidal plane traces were 
then calculated using an in-house program and compared to experimentally observed slip traces. This procedure is schematically 
shown in Fig. 4b for a slip trace appearing at the 660 MPa step. If multiple slip planes correspond to the experimentally observed plane 

Fig. 2. a. Nominal stress – strain curves obtained using different strain rates, and b. Reconstructed engineering stress – strain curve of the tensile test 
carried out in situ in the SEM. The loading steps associated with the first observation of identified deformation mechanisms are indicated. 
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trace within a ± 5◦ interval, this slip event is dismissed because its identification is ambiguous. It is dismissed as well if no plane trace 
matches the experimental trace within a ± 5◦ interval. Based on plane trace analysis, the active slip system is unambiguously identified 
for prismatic and 〈a〉 type pyramidal slip as only one slip direction matches each slip plane. However, several slip directions are 
associated with a slip plane for basal and 〈c + a〉 pyramidal slip. In that case, the slip system with the highest Schmid factor (SF) was 
assumed to be active. Prior studies have shown that Schmid’s law with a global stress state approximation leads to a good agreement 
with experimental observations (Hémery and Villechaise, 2019; Xu et al., 2019). 

Features of slip events were studied quantitatively using AFM after the final loading step. An Icon Dimension XR microscope 
manufactured by Brucker was used in peak force mode for this purpose. The slip step height and the slip trace spacing were assessed 
using topography data. A plane fitting correction was applied using flat terraces in between slip traces, before using a peak detection 
routine. Based on this information, slip distribution was qualified as “coarse” or “fine”. The waviness of slip traces was also quali
tatively evaluated to discuss slip planarity and the propensity to cross-slip. These terms were more thoroughly defined in a previous 
study (Williams et al., 1974). Three occurrences were considered for each slip mode to ensure a good representativity of similarities 
and differences in slip character. 

Twin formation during tensile testing was primarily monitored using in situ SEM observations. The twinning system was deter
mined after unloading at the end of the test. A JEOL 7000F field emission gun SEM equipped with a DigiView EBSD detector provided 
by EDAX was used for this purpose. A 20 nm step size was applied. It is worth noting that SEM parameters such as the operation voltage 
and the probe size were adjusted to allow EBSD analysis with a high spatial resolution, which is needed due to the sub micrometric size 
of twins. 

2.4. Critical resolved shear stress estimation 

Accurate determination of CRSS values for deformation modes operating in Ti alloys is key for realistic crystal plasticity simulations 
and a proper reproduction of experimentally observed behaviors. Different approaches were applied in this study to derive CRSS from 

Fig. 3. a. Macroscopic stress evolution during a loading step followed by a displacement hold showing a load decrease resulting from the occurrence 
of stress relaxation and creep, and b. The decrease in stress after a 12 min displacement hold (Δσ) plotted with respect to the macroscopic stress. 
Linear regressions shown using dashed lines indicate the different regimes. The cumulative frequency of active slip systems in the region of interest 
is also presented. The stress relaxation behavior appears correlated with the number of active slip systems. 

Fig. 4. a. Back-scattered electron micrograph and inverse pole figure map showing the microstructure and local crystallographic orientations with 
respect to the loading direction in a region of interest, and b. Example of a slip trace appearing at the 660 MPa step that corresponds to basal slip 
with a maximum Schmid factor of 0.4520. 
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slip traces analysis. An elastic self-consistent approach was employed for slip modes operating at macroscopic stress lower than the 
yield stress. In this regime, slip activity is not homogeneously distributed and a significant fraction of the grains behaves elastically. In 
contrast with full-field simulations, the stress state of a particle embedded in a homogeneous medium is estimated. This feature is thus 
useful in order to dismiss stress heterogeneities resulting from a given grain neighborhood (Abdolvand et al., 2018; Bretin et al., 2019; 
Kawano et al., 2020). The CRSS values for the ss slip system (τss

c ) were calculated as follows: 

τss
c = |σ : mss| (1) 

With mss the symmetric Schmid tensor for ss slip system and σ the grain averaged stress tensor determined using the self-consistent 
model described in Section 3.2. Each grain was considered as a spherical inclusion in a homogeneous effective medium. Simulations 
included approximately 2000 α grains with orientations sampled from the EBSD data presented in Fig. 1b, in addition to the orientation 
of α grains monitored in situ. This allowed to account for the texture of the specimen tested in situ. σ was determined at the 
macroscopic stress level associated with slip activation in the considered α grain. The following elastic constants, which correspond to 
the transversely isotropic α phase, were employed: C11=162.4 GPa, C12=92.0 GPa, C13=69.0 GPa, C33=180.7 GPa and C44=46.7 GPa 
(Fisher and Renken, 1964). As the amount of retained β phase is low in Ti-6242, primary α grains and transformed β regions were not 
distinguished. 

A different method was applied for deformation systems activated at a macroscopic stress higher than the yield strength since the 
behavior of the homogeneous medium cannot be approximated as elastic in this regime. The employed approach uses the competition 
between different deformation mechanisms in order to determine a CRSS ratio (Zaefferer, 2003). This has been successfully applied in 
prior studies (Barkia et al., 2015; Li et al., 2013). Li et al. proposed a specific procedure to obtain CRSS values based on slip traces 
analysis at a single deformation step (Li et al., 2013). Another example of such method applied to bound CRSS values is shown in the 
work of Barkia et al. (Barkia et al., 2015). Considering a uniaxial stress state in a grain where the i and j slip modes are competing, 
activity of the i slip system only reveals that the τ

i
c

τj
c 

CRSS ratio must be higher than SFi

SFj. Statistical data is used to estimate the CRSS ratio 

leading to equal activation probability for i and j slip modes. 
Differences in strength for primary α grains and transformed β regions were assessed using nano-indentation experiments. A 

Micromaterials NanoTest Vantage nano-indenter was employed in load control mode. A grid of 500 indents was performed with a 
Berkovich diamond tip using a peak load of 10 mN. The size of the indents was typically 2 to 3 µm and the spacing was set to 10 µm. The 
values of hardness were obtained from nanoindentation force-displacement curves using the Oliver and Pharr method (Oliver and 
Pharr, 1992). 

3. Simulations techniques 

Determination of the CRSS dataset and its validation involved different simulation techniques. Mean field models are efficient 
methods to simulate the average behavior of a statistically significant number of grains or the macroscopic response. In contrast, full 
field simulations such as finite elements or fast Fourier transforms based CP (CP-FFT) account for specific neighboring grain config
uration including elastic and plastic interactions (Esqué-de los Ojos et al., 2018). Therefore, they provide a more accurate distribution 
of the behavior of individual grains, which was used for CRSS dataset validation. Details of the employed models are described in the 
following paragraphs. 

3.1. Fast-Fourier transforms based crystal plasticity modeling 

The model proposed by Lebensohn et al. (Lebensohn et al., 2012) was implemented in our FoXTRoT in-house simulation code. It 
was successfully employed to simulate the behavior of Ti alloys in prior studies (Ahmadikia et al., 2021; Bhattacharyya et al., 2021; 
Hémery et al., 2019; Nait-Ali et al., 2021). The elasto-viscoplastic formulation is briefly detailed in the following (Eqs. (2) and (3)) 
(Lebensohn et al., 2012). The plastic shear rate is computed using the following equation: 

γ̇˙ ss(x) = γ̇˙0

(
|mss(x) : σ(x)|

τss
0

)n− 1

×

(
mss(x) : σ(x)

τss
0

)

(2) 

Where mss(.) is the Schmid tensor and γ̇˙ ss(.) is the shear strain rate on the ss slip system. In the following, ε(.) and σ(.) are the local 
values of strain and stress fields respectively. The viscoplastic strain velocity ε̇̇ P(.) is constitutively bound to the stress σ(.) at a point of 
the monocrystalline material x by the following formula considering the N active slip systems: 

ε̇̇ P(x) =
∑N

ss=1
mss(x) γ̇˙ ss(x) (3) 

By E, we denote the macroscopic strain tensor and by C(.) the stiffness tensor that depends on the position vector x. The iterative 
FFT-algorithm used was originally proposed by Moulinec and Suquet (Moulinec and Suquet, 1998). It consists in polarizing the domain 
by introducing the reference support of stiffness and compliance, respectively. The algorithm is the following (Hémery et al., 2019): 
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⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Initialisation :

ε0 = E
σ0(x) = C(x) : ε0

Iterate k + 1 :

σk, εkand εp,k are done
ε̂k
(ξ̂) = FFT

(
εk(x)

)

ε̂k+1
(ξ̂) = − Γ̂0 : σ̂k

(ξ̂) + ε̂k
(ξ̂), if ξ̂ ∕= 0

ε̂k+1
(ξ̂) = E, if ξ̂ = 0

Mechanical field updates
εk+1 (x) = FFT − 1( ε̂k+1

(ξ̂)
)

σk+1(x) = C(x) :
(
εk+1(x) − εp,k − ε̇̇ p,k+1(x)Δt

)
εp,k = εp,k + ε̇̇ p,k+1(x)ΔtConvergence test

(4) 

Where the symbol “̂” indicates Fourier transform and ξ̂ is a frequency of Fourier space. The Green function Γ̂0 was proposed in a 
previous study (Moulinec and Suquet, 1998). The algorithm requires a convergence test to stop the iterating process. This test consists 
in checking the equilibrium with a strain-controlled method. The criterion for the convergence in Real space is done classically 
(Moulinec and Suquet, 1998): 

‖ εi+1 − εi‖2 < 10− 3
⃒
⃒ε0

⃒
⃒ (5)  

where ‖ . ‖2 denotes the L2 norm and |.| the Euclidian norm of second-order tensor. The applied step time guarantees a convergence of 
the solution for each increment. The algorithm was implemented in our FoXTRoT in-house simulation code using multithreading 
through the use of OpenMP directives and relies on libraries for matrix calculations (Eigen) and discrete Fourier transforms (FFTW 
library). 

3.2. Self-consistent Eshelby-Kröner modeling 

The classical Eshelby-Kröner model was employed in this study (Eshelby, 1957; Kröner, 1958). The equations are recalled in Eqs. 
(6) and (7). The crystallographic orientation in each α grain or transformed β region is considered using Euler angles. The homogenized 
stiffness Chomo is calculated iteratively through an averaging procedure on each crystallite as shown below: 

Chomo =< Ci : [Ei : (Ci − Cmacro) + I4]
− 1

> (6) 

Here, Ci represents the elastic stiffness of grain i, and I4 is the 4th-order Identity tensor. The Morris tensor, denoted as Ei, can be 
expressed in terms of the Eshelby tensor SEsh using the relation (Morris, 1970): 

Ei = SEshCmacro − 1 (7) 

The calculation of the Morris tensor was carried out using numerical integration. The employed scheme is recalled in Eqs. (8) and 
(9) (Riyad et al., 2021). As an elasto- viscoplastic framework was considered, the evolution of the plastic strain for each individual 
grain was computed as follows: 

εp,k+1
i = εp,k

i + Δεp
i (8)  

where εp,k
i is the plastic strain at the current time step k, εp,k+1

i is the plastic strain at the next time step, and Δεp
i is the increment in 

plastic strain. The increment in plastic strain, Δεp
i , is given by: 

Δεp
i =

∑N

ss=1
mss

i γ̇ss
i Δt (9)  

where mss
i is the Schmid tensor for the ss slip system in grain i, Δt is the time step and γ̇ss

i is the shear strain rate of the ss slip system in 
grain i, which is computed based on the classical plastic flow rule: 

γ̇ss
i = γ̇0

(⃒⃒τss
i

⃒
⃒

τss
0

)n− 1

×

(
τss

i

τss
0

)

(10)  

where τss
i is the resolved shear stress for the ss slip system in grain i, τss

0 is the CRSS of the ss slip system, γ̇˙0 is the reference shear rate and 
n is the strain rate sensitivity exponent. τss

i is related to the Cauchy stress deviator tensor (Si) and the Schmid tensor (mi) as follows: 

τss
i = Si : mss

i (11) 

The overall macroscopic behavior is then obtained by volume-weighted averaging of individual grain responses. 
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A dedicated scheme was used to study the stress state of surface grains. A schematic representation is shown in Fig. 5. Each grain is a 
spherical inclusion embedded in a matrix with a macroscopic stiffness accounting for the presence of the free surface. We added 5 
layers of infinitely compliant medium in a 100 × 100 × 100 voxels cell. The associated macroscopic stiffness Cmacro is calculated using 
the FFT-based model described in Section 3.1 by performing 6 elementary loadings (XX, YY, ZZ, XY, XZ and YZ). The homogenization 
scheme defined in Eq. (6) was then used. 

4. Experimental characterization of deformation mechanisms 

4.1. Early slip activity: basal and prismatic slip 

The first slip traces were noticed at the 600 MPa step. It corresponds to about 74% of the 0.2% proof stress. At this step, the 
macroscopic behavior is elastic. This is illustrated on the stress – strain curve displayed in Fig. 2b. The identification of the slip plane 
reveals basal slip with a high maximum Schmid factor (≈ 0.471). The misorientation between the c-axis of the HCP lattice and the 
loading direction is 41.5◦. Basal slip activity developed with increasing macroscopic stress. The distribution of activated slip systems is 
plotted with respect to the macroscopic stress in Fig. 6a. The number of new active slip systems was divided by the macroscopic stress 
increment to dismiss any bias related to its variation during the in-situ test. This plot shows that basal slip is the only deformation 
mechanism operating in the low macroscopic stress range. The first prismatic slip trace was noticed at the 680 MPa step, which 
corresponds to about 84% of the 0.2% proof stress. This slip trace is located near a grain boundary and probably results from a stress 
concentration due to neighboring grains. Significant prismatic slip activity occurred for macroscopic stress higher than 740 MPa. Until 
800 MPa, the number of new active slip systems increases sharply. This is mostly related to a development of prismatic slip activity 
while the activation rate of basal slip systems remains almost constant. The slip system activation rate seemingly decreases for 
macroscopic stress higher than 810 MPa. This suggests that the increase in plastic strain is mostly accommodated by already active slip 
systems and generally did not require the operation of additional slip systems. Two deformation regimes can then be distinguished. At 
low macroscopic stress, only basal slip operates while both basal and prismatic slip are involved in plastic deformation for macroscopic 
stress higher than 740 MPa. The basal slip dominated and basal and prismatic slip dominated regimes are illustrated in Fig. 6a. The 
transition between these deformation regimes corresponds to the marked increase in stress relaxation rates shown in Fig. 3b. The 
magnitude of the stress relaxation seems roughly proportional to the number of active slip systems. It is interesting to note that the 
number of new active slip systems drops beyond the yield strength. 

A total of 170 slip events were analyzed at the end of the test. 134 slip systems were successfully identified, including 48 basal slip 
systems and 74 prismatic slip systems. Therefore, these slip systems have a dominant contribution to deformation in Ti-6242. 
Importantly, they operate in α grains belonging to different orientation domains. As shown in Fig. 6b, basal slip is observed in α 
grains with a misorientation between the c-axis of the HCP lattice and the loading direction in the 13◦ - 64◦ range. In contrast, prismatic 
slip is associated with the 53◦ - 90◦ range. As a consequence little overlap exists. These orientation domains are very consistent with 
prior studies (Bridier et al., 2005; Echlin et al., 2016; Hémery and Villechaise, 2017a, 2017b; Li et al., 2015). Only one or two slip 
systems were found active in a single α grain. Approximately 4% of slip traces were contained in α grains with multiple slip at the 810 
MPa step and 11% at the 840 MPa step, while only single slip was noticed at the 780 MPa step. This observation suggests that in
teractions between active slip systems are quite rare in this loading regime. 

The CRSS values obtained using the self-consistent approach were averaged over each slip mode and are given in table 1. The 
associated standard deviations are also indicated. The CRSS for basal slip is slightly higher than the CRSS for prismatic slip. As basal 

Fig. 5. Schematic representation of a. the classical self-consistent Eshelby-Kröner approach, and b. the modified self-consistent Eshelby-Kröner 
approach presently employed to simulate free surface effects. 
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slip can be activated at a lower macroscopic stress than prismatic slip, significant stress heterogeneity results from the elastic 
anisotropy of α titanium, which governs the activation sequence of deformation mechanisms. Slightly higher standard deviations were 
obtained for basal slip than for prismatic slip. Such values account for the effect of the grain neighborhood on the stress state. Indeed, 
self-consistent models provide an averaged neighborhood effect while experimental observations result from a specific configurations 
of neighboring grains. α grains where slip traces were detected are plotted with respect to the basal and prismatic Schmid factors in 
Fig. 7. In this plot, the maximum Schmid factor is considered unless the slip system is active and completely determined using the plane 
trace. It shows that the active slip system can be quite reliably predicted using the Schmid factor. In addition, a very limited overlap 
exists considering basal and prismatic slip. However, pyramidal slip, which is further discussed in the dedicated section, was noticed at 
the interface between both domains. The dashed line represents a Schmid factor ratio equal to the CRSS ratio obtained from the self- 
consistent approach. An excellent agreement is obtained, showing that (i) the calculated CRSS values are consistent with experimental 
observations, and (ii) an approach based on Schmid factor ratios provides a proper description of the competition between different 
slip modes. 

Fig. 6. a. Basal, prismatic and pyramidal slip activation as a function of the applied stress, b. Distribution of basal, prismatic and pyramidal slip with 
respect to the misorientation between the c-axis of the HCP lattice and the loading direction. 

Table 1 
Summary of the CRSS values extracted from the experimental data.  

Deformation mode (0001)〈1120〉 {1010}〈1120〉 {1011}〈1123〉 {1012}〈1011〉

CRSS (MPa) 332 298 697 ≈ 850 
Standard deviation (MPa) 47 28 – –  

Fig. 7. Analyzed slip traces plotted with respect to the basal and prismatic Schmid factors at the end of the in situ test, suggesting very similar CRSS 
values for both slip modes but a slightly higher value for basal slip. The presently determined ratio of basal to prismatic CRSS values reveal a good 
agreement with experimental data. 
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AFM characterization was carried out on equiaxed α grains with slip traces corresponding to basal or prismatic slip systems. Plastic 
deformation is accommodated by well-defined and regularly spaced slip lines. This is illustrated in Figs. 8a and 8b. Although slip traces 
are mostly matching basal or prismatic plane traces, some segments are wavy and do not correspond to any of these planes. Higher 
magnification images illustrating this feature are shown in Fig. 8c. This observation testifies of frequent cross-slip events. Height 
profiles were extracted along a path normal to the slip traces and located in the center of the grain. A typical profile is shown in Fig. 9a 
alongside data processed to extract slip step height and spacing in Figs. 9b and 9c. Three α grains were analyzed for each slip mode. To 
dismiss bias related to the orientation of the Burgers vector relative to the specimen surface, height values were divided by the 
magnitude of the Burgers vector component normal to the specimen surface. A single slip system is assumed active with this procedure. 
Analysis of the curves reveals a higher degree of localization for prismatic slip as steps equivalent to up to approximately 464 dis
locations were found for this slip mode versus 170 dislocations for basal slip. This feature is also associated with a higher slip spacing 
for prismatic slip. A peak detection program with a prominence criterion of 1 nm was used to assess the spacing between slip traces. It is 
about 0.62 µm for basal slip versus 2.08 µm for prismatic slip within the investigated α grains. The higher degree of localization related 
to prismatic slip than for basal slip was also noticed using HR-DIC (Lunt et al., 2017). 

4.2. 〈c + a〉 pyramidal slip 

The distinction between 〈a〉 and 〈c + a〉 slip directions cannot be achieved using a classical slip traces analysis. Features of 〈c + a〉
pyramidal slip such as the slip plane and the degree of slip localization were investigated through consideration of a specific crys
tallographic orientation domain which is unfavorable to <a>-type pyramidal slip activity. In the crystallographic orientation domain 
associated with misorientations between the c-axis and the loading direction lower than 45◦, only 〈c + a〉 pyramidal slip exhibits 
Schmid factors higher than 0.4. Schmid factor isocontours illustrating this feature can be found in (Echlin et al., 2016; Li et al., 2015). 
Possible 〈c + a〉 slip in the remaining orientation domain is discussed in the following paragraph. In the regions of interest followed all 
along the in situ test, the first evidence of pyramidal slip in an α grain contained in the considered orientation domain was observed at a 
macroscopic stress of 820 MPa, which corresponds to a plastic strain of 0.3% and 101% of the 0.2% proof stress. Only 4 occurrences 
were found at the end of the test. Supplementary data was obtained in the additional regions monitored from 810 MPa to the end of the 
test. To identify the slip plane of 〈c + a〉 dislocations with the present test conditions, the misorientation between the slip trace and 
closest calculated plane trace was computed considering both first and second order pyramidal planes. The distribution of values is 
shown in Fig. 10a. While first order pyramidal planes are always within 5◦ from the experimental plane trace, a poor agreement is 
found considering second order pyramidal planes. Therefore, 〈c + a〉 slip is likely to proceed preferentially on first order pyramidal 
planes with the applied loading conditions. This feature is consistent with numerous observations reported in the literature (Jones and 
Hutchinson, 1981a; Ding et al., 2014; Wu and Curtin, 2016). 

Active slip systems at the end of the test are plotted with respect to the Schmid factor for basal and 〈c + a〉 first order pyramidal slip 
in Fig. 10b. The maximum Schmid factor value that can result in the observed plane trace was considered. If the slip system is not 
active, the maximum Schmid factor was considered. Only α grains in the orientation domain defined in the previous paragraph were 
included in this plot. The different slip modes are associated with distinct regions that overlap over a restricted domain: 〈c + a〉 py
ramidal slip occurs with a high Schmid factor (SF) for this slip system (SF > 0.42) and a low SF for basal slip (SF < 0.38). In contrast, 
basal slip occurs when the SF for 〈c + a〉 pyramidal slip is low (SF < 0.42) and the SF for basal slip is high (SF > 0.19). Dashed lines 
showing ratios of pyramidal SF to basal SF are indicated. The domain where both slip modes overlap is located between the 1.3 and 2.5 
lines. This provides bounds for CRSS values. A more refined assessment of the CRSS for 〈c + a〉 pyramidal slip was obtained using SF 
ratio calculations for each α grain showing basal or pyramidal slip activity as its activation proceeds mostly beyond 0.2% plastic strain. 
The fraction of basal or 〈c + a〉 pyramidal slip experimentally identified is plotted in Fig. 10c as a function of the SF ratio. A progressive 
switch from basal dominated slip at low SF ratios to 〈c + a〉 pyramidal slip dominated regime at high SF ratios indicates that this 
parameter is suitable for the description of the transition between both regimes. Evolutions were fitted using an error and a com
plementary error functions. The resulting curves are shown in Fig. 10c. Activity of both slip systems is equally probable for a SF ratio of 

Fig. 8. AFM topography images showing equiaxed α grains deforming via a. basal and b. prismatic slip. c. 3D representation of a subset of the 
topography image shown in b. demonstrating the occurrence of cross-slip. 
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about 2.1. The CRSS for 〈c + a〉 pyramidal slip is thus approximately 2.1 times higher than the CRSS for basal slip. It is noteworthy that 
the choice of different intervals has not led to a significant change of this value, which lies within the range of frequently reported CRSS 
ratio for 〈c + a〉 pyramidal slip (Hémery et al., 2020). Possible 〈c + a〉 pyramidal slip activity in the orientation domain associated with 
a misorientation between the c-axis and the loading direction higher than 45◦ was assessed via estimation of SF ratios in this domain. 
The ratio of the maximum Schmid factor among 〈c + a〉 type pyramidal slip systems and the maximum Schmid factor among basal and 
prismatic slip systems was calculated using 3◦ steps on the Euler angles. An in-house Matlab script was used for this purpose. The 
maximum ratio is about 1.30. This reveals that a CRSS for 〈c + a〉 type pyramidal slip higher than 1.3 times the one for basal or 
prismatic slip should lead to a lack - or rare occurrences - of 〈c + a〉 type pyramidal slip activity. As the CRSS ratio is about 2.1, 〈c + a〉
pyramidal slip activity is very unlikely when the c-axis is deviated from the loading axis by more than 45◦ and basal or prismatic slip 
activity would be privileged. It is worth noting that, with this procedure, the basal and prismatic CRSS were considered equal, which is 
expected to introduce a negligible bias owing to the limited difference. 

〈c + a〉 type pyramidal slip character was investigated using AFM on different α grains with a misorientation between the c-axis of 
the HCP lattice and the loading direction lower than 15◦. According to the previously reported rationale, this ensures the consideration 
of 〈c + a〉 slip. A SEM micrograph showing faint contrasts related to slip traces is reported in Fig. 11a. The corresponding crystallo
graphic orientations are shown in Fig. 11b. An AFM topography image in the same region is reported in Fig. 11c to confirm the 
presence of slip traces. It reveals that 〈c + a〉 pyramidal slip is very planar. Normalized step height profiles extracted along a path 
normal to the slip traces and located in the center of three α grains are shown in Fig. 9d. The AFM profiles appear smoother for 〈c + a〉
pyramidal slip than for basal and prismatic slip. This results mainly from step heights lower than those corresponding to basal and 
prismatic slip, as the spacing seems roughly similar. While most steps are approximately equivalent to 50 – 100 dislocations in average 
for basal slip, they are mostly less than 10 for 〈c + a〉 pyramidal slip. Higher magnification observations shown in Fig. 11d reveal that 
slip traces visible in Fig. 11c are actually composed of multiple slip traces arranged in bundles. The height of individual slip steps could 
be measured in some locations as shown in Fig. 11e. It corresponds to one or two dislocations emerging at the specimen surface, 
depending on the considered Burgers vector. Indeed, slip can occur along two different slip directions for a given slip plane. While 
bundles of slip traces are separated by typically 1 µm, slip traces are spaced by less than 100 nm within the bundles. Such features make 
a quantitative study difficult using techniques other than AFM. The degree of slip localization in grains deforming via 〈c + a〉 slip is 

Fig. 9. a. Height profile and subsequent slip step height measurement after plane fitting illustrating the applied procedure, b., c., and d. Normalized 
height profiles obtained using AFM for basal, prismatic, and pyramidal slip, respectively, indicating the equivalent number of dislocations needed to 
generate experimentally measured step heights. Colors refer to measurements carried out in different α grains. 
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therefore lower than for basal or prismatic slip. Examination of micrographs reveals that this difference in strain localization has 
consequences in terms of deformation behavior. Clusters of 〈c + a〉 slip bands are coincident with intense slip activity located in 
neighboring grains. This is illustrated in Fig. 11c. S. Joseph et al. reported activation of dislocation sources in α grains with a low 
misorientation between the c-axis of the HCP lattice and the loading direction due to dislocation pile-ups in neighboring α grains 
primarily deforming via prismatic slip (Joseph et al., 2020, 2018). The present observations suggest that strain incompatibilities across 
grain boundaries generated by incoming basal or prismatic slip is difficult to accommodate via diffuse 〈c + a〉 slip. 

4.3. {10–12} twinning 

Twin formation was observed in situ at the 830 MPa step, which corresponds to a plastic strain about 0.5%. While often neglected in 
Ti - 6 wt.% Al alloys, this observation reveals its operation at low macroscopic strain levels. Micrographs showing this event are 
presented in Fig. 12. The twin is located in a grain with a very low misorientation between the c axis of the HCP lattice and the loading 
direction (≈ 2 ◦). As a consequence, this grain is unfavorably oriented for 〈a〉 slip. Orientation relationships between the twin and the 
parent grain are also shown in Fig. 12d and demonstrate that {1012}〈1011〉 is the active twinning system. The associated Schmid 
factor is very high (0.4993) and the twin coincides with an incident slip trace located in the adjacent soft grain which has appeared at 
the same loading step. The alignment between deformation systems on both sides of the boundary was assessed using the m’ parameter 
introduced by Luster and Morris (Luster and Morris, 1995). It is calculated as the product of cosines between slip plane normals and 
between slip directions. A value of 1 indicates a perfect alignment of deformation systems. The 0.9104 value presently obtained reveals 
a very good alignment, which is likely to allow slip transfer (Hémery et al., 2018a). This feature agrees well with the role of slip transfer 
in twin nucleation suggested by Wang et al. using commercial purity titanium (Wang et al., 2009) and suggests a similar behavior for Ti 
– 6% Al based alloys. Slip traces corresponding to a first-order pyramidal plane appeared on the right-hand side of the parent grain at 
the 830 MPa step. This feature is shown in Fig. 12e and reveals the concurrent operation of 〈c + a〉 first order pyramidal slip in the same 
grain but in a different region. No evidence of 〈c + a〉 pyramidal slip trace could be evidenced nearby the twin, suggesting that the 
operation of these two deformation mechanisms is not directly interrelated. The concurrent operation of 〈c + a〉 slip and twinning in 
so-called “hard” grains was also observed for higher macroscopic strain levels in a prior study (Lavogiez et al., 2018). This feature may 
pertain to the difficult accommodation of deformation incompatibilities due to incoming 〈a〉 slip by diffuse 〈c + a〉 slip. The persistent 
stress concentration as well as microstructure configurations ensuring appropriate geometric compatibility (Lavogiez et al., 2020) 
likely favor twinning, which also permits deformation of the HCP α phase along the c-axis. Hence, the different characteristics of 〈c + a〉
slip and twinning such as strain localization and strength appear as key features of this competition. The ratio of the SF for twinning to 

Fig. 10. a. Deviation between slip traces and the closest {1011} or {1122} plane traces showing that only first-order pyramidal planes can account 
for experimentally observed slip traces, b. α grains with a misorientation between the c axis of the HCP lattice and the loading direction lower than 
45◦ plotted as a function of the Schmid factors for basal and 〈c + a〉 first-order pyramidal slip, and c. Distribution of the fraction of basal or 〈c + a〉
pyramidal slip experimentally identified a function of the SF ratio showing a transition from basal to pyramidal slip with increasing ratios. 
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the SF for 〈c + a〉 first order pyramidal slip was estimated using the same procedure as employed previously. A value of 1.22 was found 
and suggests that the CRSS for twinning is likely higher than the one for 〈c + a〉 first order pyramidal slip. One has to keep in mind that 
this is a rough estimate because it is derived from a single occurrence. Indeed, the stress state in the vicinity of the grain boundary may 
significantly differ from the macroscopic stress condition. However, CRSS data for twinning in Ti alloys is so scarce that such estimates 
can be useful. 

Fig. 11. a. SEM micrograph, b. Inverse pole figure map superimposed with image quality, and c. AFM topography images showing 〈c + a〉 pyramidal 
slip traces in the center α grain. Black arrows indicate incoming slip in neighboring grains associated with bundles of pyramidal slip traces. d. 
Magnified image of a bundle of pyramidal slip traces. The black arrow indicates the height profile shown in e. where arrows show step heights of 
approximately 0.45 nm. 
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4.4. 〈a〉 pyramidal slip 

As discussed previously, all pyramidal slip traces in the orientation domain defined by misorientations between the c axis of the 
HCP lattice and the loading direction higher than 45◦ are most likely 〈a〉-type pyramidal slip. This feature is supported by the absence 
of diffuse slip traces typical of 〈c + a〉 slip in this orientation domain. The first occurrence of slip trace matching a first order pyramidal 
plane was observed at the 780 MPa step, which corresponds to 96% of the 0.2% proof stress. At the end of the test, 6 α grains in this 
orientation domain exhibit slip traces that correspond to first order pyramidal plane traces. It accounts for 3.5% of the total number of 
slip traces studied, thus suggesting a minor contribution of this slip system to the overall deformation behavior. The Schmid factors of 
corresponding slip systems were calculated. An average value of 0.222 was obtained. This value is unexpectedly low as 0.423 was 
obtained for basal and prismatic slip. The Schmid factor distributions for the different slip systems are shown in Fig. 13 and confirm the 

Fig. 12. a. In situ observation of {10–12} twin formation at the 830 MPa step, b. High magnification SEM micrograph at the end of the in situ test 
showing the presence of a twin and the associated incoming slip band, c. Inverse pole figure map superimposed with the image quality showing the 
presence of the twin, which is belongs to the {1012}〈1011〉 twinning system according to the pole figure plots shown in d. and e. slip traces 
matching a 1st order pyramidal plane in the same α grain. 

Fig. 13. Schmid factor distribution frequencies for all slip modes presently identified, showing that 〈a〉 type pyramidal slip does not seem to be 
associated to high Schmid factors while other slip modes do. 
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unexpected behavior for 〈a〉 pyramidal slip. While most occurrences of basal, prismatic and 〈c + a〉 pyramidal slip are associated to 
high Schmid factors (> 0.4), a significant number of traces assigned to 〈a〉 type pyramidal slip exhibit a Schmid factor lower than 0.2. 
Because of the low expected resolved shear stress, slip is then unlikely to proceed on this identified slip system. Slip trace misiden
tification possibly occurred. Indeed, frequent cross slip involving basal or prismatic planes, such as highlighted in Fig. 8c, may lead to 
slip traces that apparently matches a slip system poorly orientated for slip. As no convincing evidence of widespread 〈a〉 type pyramidal 
slip activity was obtained, no CRSS value estimation was undertaken. 

5. Validation of CRSS values using crystal plasticity simulations 

5.1. Determination of parameters for crystal plasticity simulations 

CRSS values for basal, prismatic and 〈c + a〉 type first-order pyramidal slip modes were determined in the previous sections based 
on grain scale experimental data. Overall, they compare well with values reported in prior studies, which have been recently reviewed 
(Hémery et al., 2020). 〈a〉 type pyramidal slip and twinning, which are associated with rare observations, were not included in the CP 
simulations as a limited contribution to the overall deformation is expected and the degree of uncertainty related to their activity 
would be high. In particular, the cooperative deformation required to trigger twinning would need further development of standard 
simulation approaches. 

Accurate simulations of the deformation behavior requires the calibration of other parameters involved in the CP model. The 
strength difference between primary α and transformed β was assessed using nano-indentation. Limited strength difference between 
microstructural constituents (Chong et al., 2018; Venkatramani et al., 2007) precluded usage of statistical methods to separate the two 
phases based on the indentation responses such as carried out by Park et al. (Park et al., 2021). Thus, manual identification of the tested 
microstructure configuration (i.e., primary α, transformed β, or a mixture) was carried out for each indent using SEM micrographs. An 
example of the acquired micrographs is shown in Fig. 14a. Distributions of hardness measurements are displayed in Fig. 14b. Mean 
values are reported in table 2. On average, the hardness is slightly lower in transformed β regions than in primary α grains. The 
difference is about 2.9%. As a linear relationship between strength and hardness is generally assumed (Cahoon et al., 1971; Zhang 
et al., 2011), a limited strength difference is expected. It was considered in the simulations as follows. Equiaxe α grains were assigned 
the CRSS values determined in Section 3. In transformed β regions, the CRSS values for basal, prismatic and pyramidal slip were taken 
as 97.1% of the CRSS value for equiaxe α. Hence, basal, prismatic and 〈c + a〉 pyramidal slip modes were assigned CRSS values of 323 
MPa, 289 MPa and 677 MPa, respectively. It is worth noting that this procedure involved the characterization of the homogenized 
response. Therefore, an accurate simulation of the behavior of individual lamellas or colonies is not aimed at. A more complex behavior 
results from size effects and slip transmission processes (Suri et al., 1999; Venkatraman et al., 2022; Zhang et al., 2023). However, a 
reasonable reproduction of the mechanical constraints exerting on primary α grains, which are considered for CRSS estimation, is 
expected. 

The reference shear strain rate (γ̇˙0) and the strain rate sensitivity exponent (n) were calibrated using macroscopic stress-strain 
curves obtained using different strain rates. A single γ̇˙0 value is needed for all slip modes. This value is tightly related to the strain 
rate used in the experiments carried out for CRSS estimation. However, n can substantially differ depending on the considered slip 
mode (Chatterjee et al., 2017; Xiong et al., 2022; Zhang et al., 2016a). As this study focusses on the quasi-static behavior, a single n 
value was assigned to all slip modes for the different microstructural elements. To determine both parameters, two tensile tests were 
carried out using two different strain rates. The elasto-viscoplastic behavior of the material was simulated using the classical 
Eshelby-Kröner self-consistent model described in Section 3.1. 35% of the particles were assigned CRSS values for transformed β, while 

Fig. 14. a. BSE micrograph showing indents, and b. Distribution of hardness values depending on the tested microstructural constituents. Average 
values are indicated using dashed lines. 
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the remaining was considered primary α. Elastic constants from Fisher and Ranken were employed for both types of microstructure 
elements as the retained β fraction is low (Fisher and Renken, 1964). Stress-strain curves were simulated using 10− 2 s − 1 and 10− 4 s − 1 

strain rates. A parametric study was performed by varying the values of γ̇˙0 and n within the ranges of 10− 9 s − 1 to 10− 6 s − 1 and 10 to 
90, respectively. To determine the set of values leading to the best fit, the error between the simulated and experimental behaviors was 
assessed using the L2 norm. This norm is calculated as the squared difference between the experimental and simulated yield strength 
values defined for a 0.2% plastic strain offset, normalized by the experimentally measured yield strength. Resulting values are plotted 
in Fig. 15a as a function of γ̇˙0 and n values. The best fit was obtained for γ̇˙0 equal to 4.2 × 10− 7 s − 1 and n to 47. The order of magnitude 
of γ̇˙0 is similar to the mean plastic strain rate resulting from in situ testing (i.e., ∼ 10− 7 s− 1), and n values about 50 were reported in 
prior studies (Deka et al., 2006). Therefore, such estimates appear sound. The macroscopic stress – strain curves for experiments and 
optimized parameters are reported in Fig. 15b. An excellent agreement is obtained with the applied set of parameters. Values of the 
crystal plasticity constitutive model parameters are summarized in table 3. 

5.2. Polycrystalline aggregate and crystal plasticity simulations 

A polycrystalline aggregate composed of approximately 35,000 equiaxed α grains was generated using the Dream3D software 
(Groeber and Jackson, 2014). It is shown in Fig. 16a. On average, each α grain contains 5600 voxels. Crystallographic orientations 
were sampled from the EBSD maps shown in Fig. 1b and include crystallographic orientations of α grains considered in the in situ 
tensile test. The comparison of textures in the experiment and in the simulation shown in Fig. 16b reveals an excellent agreement. The 
influence of the low amount of retained β phase was neglected in the elastic regime. Thus, elastic constants determined by Fischer and 
Ranken, which were also used in simulations involving the self-consistent model, were assigned to all microstructure elements (Fisher 
and Renken, 1964). CRSS values were assigned as follows: 35% of α grains were considered as transformed β while the remaining 
fraction was considered as equiaxe α. As mentioned previously, this approach does not aim at simulating the individual behavior of α 
lamellas or β layers but reproduces the homogenized response in transformed β regions. No slip system hardening was presently 
considered as no significant influence was observed on slip activation in Ti-6Al-4V (Kasemer et al., 2017). γ̇˙0 and n values established 
in the previous paragraph were employed. A tensile test was simulated using imposed strain on the simulation cell. A strain rate of 10− 4 

s − 1 was applied. Layers of infinitely compliant medium were added on all other faces to account for the effect of free surfaces. 
Classically, periodic boundary conditions were then imposed along the boundaries of the cell. The simulation was conducted using our 
spectral solver with 200 loading steps, lasting 24 h of CPU time. The resulting nominal stress – strain curve is shown in Fig. 16c. 

5.3. Comparison of experimental and simulation data 

A similar methodology was applied to compare operating deformation mechanisms in the experiment and the simulation. The 
distribution of active slip modes in primary α grains showing slip activity was extracted at each loading step. In the experiment, slip 

Table 2 
Average hardness values and associated standard deviations in primary α, transformed β or mixed regions.  

Microstructural element Primary α Mixed Transformed β 

Average hardness (GPa) 4.21 4.14 4.09 
Standard deviation (GPa) 0.36 0.33 0.32  

Fig. 15. a. A map of the error calculated between the experimental and simulated stress – strain curves. The white square indicates the minimum 
error. b. Nominal stress – strain cures obtained using different strain rates from experiments and simulations after calibration of γ0 and n. 
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activity was detected through the presence of slip traces as described in the previous sections. A shear strain based criterion was 
employed to determine active slip systems in the simulations. A 0.1% threshold was used to consider a slip system as active. Surface α 
grains with the same Euler angles were considered for both experiments and simulations to avoid any texture related bias. The per
centage of basal, prismatic and pyramidal slip systems in α grains is plotted with respect to the macroscopic stress in Fig. 17. To dismiss 
any discrepancy related to different strain rates, which is difficult to determine accurately for the experiment, the macroscopic stress 
magnitudes were expressed as a fraction of the yield strength defined using a 0.2% plastic strain offset. The comparison of experimental 
and simulated distributions reveals a very good agreement. The simulation properly predicts the early basal slip activity, which is 
followed by prismatic slip at a macroscopic stress lower than the yield strength. The onset of 〈c + a〉 pyramidal slip is also well 
predicted. This reveals that the employed CRSS dataset enables an accurate description of the slip activation sequence. In spite of the 
approximations and assumptions used, the presently applied determination procedure appears suitable for proper estimation of CRSS 
datasets. 

In spite of the good overall agreement, substantial differences in the distribution of active slip systems are visible in Fig. 17. For 
example, prismatic slip should prevail at macroscopic stress levels higher than the yield strength according to the experiment. The 
simulations rather show dominance of basal slip. Multiple causes can be identified to explain these discrepancies. In particular, the CF- 
FFT model relies on several approximations. In this study, a simple model was chosen to enable a straightforward and reliable 
identification of most parameters using experimental data from slip traces analysis. However, more advanced CP models would lead to 
more accurate simulations of deformation. For example, interactions between slip bands and grain boundaries or geometrically 
necessary dislocations can be accounted for in recent models (Berbenni et al., 2020; F. P. E. Dunne et al., 2007a; Haouala et al., 2020). 
The simulation of the viscoplastic behavior could be improved as well considering a different rate sensitivity for each deformation 
mode (Zhang et al., 2016a). In addition, no hardening or softening was presently considered. This feature may impair the agreement 
with increasing strain. Also, the mechanical behavior of transformed β regions was modeled based on a simple homogenized response 
captured using indentation, which involves a multiaxial loading. Therefore, some features of the microstructure have not been 
accurately modeled. For example, an explicit modeling of multi-modal size distribution of α precipitates embedded in β phase was not 
achieved and the tensile anisotropy associated with α+β colonies was not accounted for (Ashton et al., 2017; Deka et al., 2006). 
Microtexture heterogeneity was not considered as well. In particular, texture is expected to have major consequences on the distri
bution of active slip systems. Addressing these limitations constitutes outlooks for future work. 

Table 3 
Values of the crystal plasticity constitutive model parameters.   

Primary α Transformed β 

τBasal
c (MPa) 332 323 

τPrismatic
c (MPa) 298 289 

τPyramidal
c (MPa) 697 677 

γ̇˙0 (s 
− 1) 4.2 × 10− 7 

n 47  

Fig. 16. a. 3D view of the polycrystalline aggregate generated using Dream3D, b. Comparison of texture in the experiment and in the simulation, 
and c. Comparison of macroscopic stress – strain curves obtained from experiments and different simulation techniques. 
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Numerous CRSS datasets were established for Ti-6%Al based alloys in prior studies. A non-exhaustive summary is displayed in table 
4. The CRSS for 〈c + a〉 pyramidal slip obtained in the present study lies in the upper range of values reported in the literature. Difficult 
detection due to the diffuse character, and the competition with basal slip in α grains with their c-axis closely aligned with the loading 
direction, renders its analysis more intricate than 〈a〉 slip. In agreement with the presently established dataset, CRSS values reported in 
the literature testify of similar strengths for basal and prismatic slip. However, different techniques were employed, which result in 
different magnitudes. For example, single crystal testing include no grain size related strengthening (Hasija et al., 2003a), while 
micropillar compression may include size effect (Sun et al., 2011). Also, compositions and strain rates can significantly vary and 
substantially influence CRSS magnitudes. About half of CRSS datasets include CRSS values for basal slip higher than CRSS values for 
prismatic slip. The present study reveals that this does not necessarily imply that the dataset is inappropriate to describe the early basal 
slip activity. The origin of the early onset of basal slip pertains to mechanical constraints imposed by neighboring grains. Anisotropic 
elasticity leads to a stress magnitude higher than average in α grains well-oriented for basal slip while it is lower for α grains 
well-oriented for prismatic slip (Hémery et al., 2019). Two CP-FFT simulations were carried out using the same methodology as 
presented above, but isotropic or anisotropic elastic behaviors. The anisotropic deformation was modeled using elastic constants given 

Fig. 17. Distribution of slip modes in primary α grains showing evidence of slip activity at each loading step calculated using experiments and 
simulations. The macroscopic stress is expressed as a fraction of the yield strength estimated from the in situ tensile test and the CP-FFT simulation, 
respectively. 

Table 4 
Summary of CRSS datasets for Ti-6Al based alloys reported in the literature.  

Alloy (wt. 
%) 

Basal CRSS 
(MPa) 

Prismatic CRSS 
(MPa) 

<c + a> Pyramidal CRSS 
(MPa) 

Tension / 
Compression 

Reference 

Ti-6.6Al 190 200 770 Compression (Williams et al., 2002) 
Ti-6Al 322 320 846 Compression (Hasija et al., 2003b) 
Ti-6Al 260 180 – Compression (Xiong et al., 2022) 
Ti-7Al 328 342 349 Tension (Pagan et al., 2017) 
Ti-6Al-4V – 376 441 Tension (Jones and Hutchinson, 1981b) 
Ti-6Al-4V 444 392 631 Compression (Jones and Hutchinson, 1981b) 
Ti-6Al-4V 330 396 561 Tension (Dawson et al., 2018) 
Ti-6Al-4V 353 397 593 Tension (Song et al., 2008) 
Ti-6Al-4V 290 320 440 Tension (Stapleton et al., 2008) 
Ti-6Al-4V 385 410 430 Tension (Stapleton et al., 2008) 
Ti-6Al-4V 420 370 590 Tension (Bridier et al., 2009) 
Ti-6Al-4V 350 275 570 Both (Smith et al., 2018b) 
Ti-6Al-4V 494 395 494 Tension (Medina Perilla and Gil Sevillano, 

1995) 
Ti-6Al-4V 513 – 612 Compression (Medina Perilla and Gil Sevillano, 

1995) 
Ti-6Al-4V 393 349 – Compression (Liu et al., 2021) 
Ti-6Al-4V 338 352 – Tension (Hémery et al., 2017b) 
Ti-6Al-4V 340 231 804 Compression (Castillo et al., 2021) 
Ti-6242 342 221 1150 Compression (Castillo et al., 2021) 
Ti-6242 270 240 – Compression (Zhang et al., 2016c) 
Ti-6242 385 365 640 Tension (Deka et al., 2006) 
Ti-6242 430 465 760 Compression (Deka et al., 2006) 
Ti-6242 335 364 – Tension (Hémery and Villechaise, 2017c) 
Ti-6246 362 410 – Tension (Hémery and Villechaise, 2017c)  
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in Section 2.4 while isotropic elasticity involved a Young’s modulus of 115 GPa and Poisson’s ratio of 0.325 (Welsch et al., 1993). The 
distribution of active slip modes is reported in Fig. 18 for both conditions. Prismatic slip is active at lower macroscopic stress than basal 
slip considering an isotropic elasticity framework while the opposite trend exists for anisotropic elasticity. In agreement, CRSS values 
for basal and prismatic slip would be 308 and 344 MPa respectively considering experimental data alongside a macroscopic stress 
state, such as experienced for isotropic elasticity (i.e., CRSS values calculated using the Schmid factor instead of the stress state from 
the self-consistent method). Therefore, compatibility between adjacent microstructural constituents plays a key role determining the 
early basal slip activity, which has been found critical regarding fatigue properties for example. 

6. Conclusions 

In situ SEM monitoring of deformation mechanisms was performed on a Ti-6Al-2Sn-4Zr-2Mo specimen during tensile loading. The 
activation of different deformation modes was investigated at low strain using slip traces analysis and EBSD. Complementary char
acterization of the slip character was carried out using AFM. Finally, a crystal plasticity model was calibrated using extracted infor
mation to simulate the onset of slip activity. Main conclusions were drawn as follows:  

- Basal slip operates at low macroscopic stress and prismatic slip is activated next, still below the conventional yield strength. No 
convincing evidence of significant 〈a〉-type pyramidal slip activity was obtained in the investigated strain regime. 〈c + a〉-type 
pyramidal slip proceeds along first-order pyramidal planes mostly beyond the 0.2% proof stress. Twinning was also detected at a 
plastic strain level about 0.5% and results from compatible slip activity in a neighboring grain.  

- Creep / relaxation kinetics are lower in the macroscopic stress range involving basal slip only. A pronounced increase appears with 
the progressive operation of prismatic slip. The reduction in fraction of elastically deforming materials is believed to be a key 
feature.  

- The degree of slip localization within α grains is higher for prismatic slip than for basal slip. Also, it is higher for 〈a〉 slip than for 〈c +
a〉 slip. In particular, accommodation of strain incompatibilities induced by 〈a〉 slip across grain boundaries is difficult via diffuse 〈c 
+ a〉 slip. 〈c + a〉 slip is also more planar than 〈a〉 slip, which involves frequent occurrences of cross slip.  

- A set of initial CRSS values was derived from the slip traces analysis and subsequently validated using CP-FFT simulations. In spite 
of approximations and hypothesis, the applied procedure resulted in an accurate prediction the sequential activation of the various 
slip modes.  

- The CRSS for basal slip (332 MPa) is slightly higher than the CRSS for prismatic slip (298 MPa) and lower than the CRSS for 〈c + a〉
pyramidal slip (697 MPa). Elastic anisotropy is responsible for the early activation of basal slip. A rough estimate of the CRSS for 
twinning was provided (≈ 850 MPa). 

CRediT authorship contribution statement 
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