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Abstract 
Despite the significant application potential of laser powder bed fusion (L-PBF) 
processed Ti-6Al-4V components, a detailed understanding of their 
deformation mechanisms remains limited. This study investigates the 

es in the as-built and heat-treated 
specimens, respectively, using in-situ high-energy X-ray diffraction (HEXRD) 
combined with crystal plasticity modeling. Both phases exhibited similar elastic 
anisotropy, with the highest modulus along {00.2} and the lowest along {10.0}, 

phase. Their plastic deformation responses differed markedly: in the as-

<c+a>, whereas in the heat-
ses of full width at half maximum (FWHM) and 

diffraction peak intensities further supported these observations. Finally, 
inverse modeling within a crystal plasticity framework was employed to 
determine slip family specific critical resolved shear stresses (CRSS), 

prismatic family. 

1. Introduction 
Since the past decade, there has been a growing demand for laser-powder bed 
fusion (L-PBF) processed Ti-6Al-4V components from the automobile, 
aerospace, and biomedical industries [1 3]. This surge is attributable to the 
various advantages that L-PBF processing offers, such as on-site and on-
demand manufacturing capability, reduced tooling cost, relative ease of 



manufacturing complex-shaped parts, and recyclability of the powder feedstock 
[4 6]. However, the high cooling rates generated during L-PBF processing 
trigger the transformation and induce tensile residual stresses in 
Ti-6Al-4V [5]. Moreover, the spatially varying thermal history during L-PBF 
processing induces microstructural heterogeneity in the built component, 
especially in complex-shaped components [7 9]. Thus, a post-heat treatment is 
always needed to address these issues and optimize the strength-ductility 
combination. To date, various post-heat treatments have been proposed in the 
literature to optimize the strength-ductility balance of as-fabricated components 
[10 12]. Among these numerous heat treatments, those resulting in a bimodal 
microstructure have shown a better combination of quasi-static mechanical 
properties [13]. Recently, a two-step heat treatment was proposed to induce a 
bimodal microstructure, thereby improving the strength-ductility combination 
during quasi-static mechanical loading [14,15]. However, limited know-how 
about the deformation behavior of L-PBF-processed Ti-6Al-4V has limited its 
widespread adoption across various industries.  

Various aspects of the deformation behavior of L-PBF-processed Ti-6Al-4V 
remain unknown, such as the ease of activation of different slip systems, or in 
other words, the critical resolved shear stress (CRSS) of the slip systems, and 
load partitioning between different grain orientations. Various datasets for 
critically resolved shear stress in Ti-6Al-4V have been reported in the literature, 
typically determined through various methods, such as micro-pillar 
compression tests, tensile deformation of single-crystalline samples, inverse 
modelling of macroscopic deformation response, and slip trace analysis during 
uniaxial tensile tests [16 20]. However, each of these methods has inherent 
limitations. CRSS values derived from micro-pillar compression are influenced 
by the dimensions of the pillar, and these tests are usually performed on pillars 
extracted from single grains, neglecting the effect of neighboring grains and 
thus failing to represent the deformation behavior of a polycrystalline 
microstructure [21]. In the case of slip trace analysis, the manual identification 
of slip traces limits the number of grains that can be examined. Furthermore, 
not all active slip systems produce visible surface traces, and diffuse markings 
can make identification more difficult [22]. The presence of a free surface may 
also affect deformation behavior [23 25]. Lastly, estimating CRSS values 
through inverse modeling of a single macroscopic tensile curve often results in 
non-unique solutions, since many parameters are fitted to a limited dataset. 

To overcome many of these limitations, high energy X-ray diffraction 
(HEXRD) offers a powerful alternative. With its high flux, deep penetration, 



and fast detector sampling frequency, HEXRD enables the real-time capture of 
dynamic material processes such as the activation of deformation mechanisms, 
phase transformations, and chemical reactions [26 29]. In-situ HEXRD has 
been successfully integrated with both static and dynamic mechanical testing 
to investigate key aspects of deformation behavior, including the identification 
of active slip systems, load partitioning between phases, texture evolution, and 
the quantification of dislocation densities in metallic alloys [30 34]. However, 
HEXRD has seldom been applied to study deformation mechanisms in 
conventionally produced Ti-6Al-4V, let alone in its L-PBF-processed 
counterpart. Moreover, the orientation-specific deformation response extracted 
from diffraction patterns, when combined with crystal plasticity simulations, 
can provide insights that are otherwise inaccessible through diffraction data 
alone,  such as the critical resolved shear stresses (CRSS) for different slip 
families or the identification of active slip systems in differently oriented grains 
[35].  

Thus, the present study presents an integrated experimental-simulation 
approach to (A) investigate the elastic and plastic anisotropy for L-PBF-
fabricated Ti-6Al-4V in both as-built and heat-treated states, (B) determine the 
CRSS for different slip families 
of the different deformation mechanisms in the two hexagonal phases, i.e., the 

-fabricated and heat-treated specimens, 
respectively. The aims will be achieved by performing a uniaxial tensile test 
with in-situ HEXRD to investigate elastic and plastic anisotropy in both 
samples. Next, inverse modeling will be adopted to calibrate material 
parameters to determine the elastoplastic behavior of a representative volume 
element within a full-field crystal plasticity model. Here, a phenomenological 
model based on a power law relationship between the applied stress and the 
resulting plastic strain response will be used. 

2. Materials and Methods 
2.1.  L-PBF processing 
The Ti-6Al-4V tensile specimens were built on a 3D System ProX320 machine 
from Ti-6Al-4V (Grade 23) powder supplied by Carpenter Additive. The L-
PBF parameters used are presented in Table 1. The tensile samples were 
fabricated horizontally with the tensile loading direction perpendicular to the 
build direction.  



Table 1: L-PBF parameters applied to manufacture Ti-6Al-4V tensile bars 

Parameter  Value  
Laser power (W)  120  

Laser scanning speed (mm/s)  1000  
  70  
  30  

 

2.2. Heat Treatment 

The two-step heat treatment was performed in a vertical tube furnace under a 
protective Ar atmosphere. The first step involved heating to 940°C at 10°C/min, 
and the dwell time was set to 4 hours, followed by water quenching. The second 
step involved heating to 800°C at 10°C/min, and the dwell time was 2 hours, 
followed by slow furnace cooling (<3°C/min). A bimodal microstructure 
produced through such a two-step heat treatment has been shown to 
significantly enhance the mechanical properties of as-fabricated Ti-6Al-4V 
components [15]. 

 
Figure 1: Two-step heat treatment to achieve the bimodal microstructure 

2.3. In-situ high energy X-ray diffraction (HEXRD) 
experiment 



The in-situ HEXRD experiment was performed at DESY on the PETRA III P07 
beamline using a synchrotron X-ray beam of 100 keV. A schematic of the 
experimental setup is shown in Figure 2 (A). The tensile samples were loaded 
with a 10 kN load cell at a strain rate of 0.0003 s-1, and the macrostrain strains 
were measured using a Bähr/TA Instruments DIL805A/D dilatometer. 2D 
diffraction patterns were continuously recorded on a Perkin Elmer detector 
(2048 x 2048 pixels) during the tensile test with an exposure time of 1s. The 
diffraction patterns for the as-built and heat-treated samples in the undeformed 
state are presented in Figure 2 (B & C), respectively. The detector tilt, sample-
to-detector distance, beam center, and instrumental broadening were 
determined based on the diffraction pattern of a LaB6 powder standard.   

 
Figure 2: (A) Schematic of the in-situ tensile loading setup used at Petra III 

P07 of DESY. The 2D diffraction patterns for (B) as-built and (C) heat-

 

 



2.4. Analysis of diffraction patterns 
Each diffraction pattern was initially sectioned into 72 wedges with a 5° width. 
The lattice strains on different crystallographic planes were calculated by 
performing Rietveld refinement of the entire diffraction pattern in MAUD [36]. 
The Delft type line broadening and isotropic size strain model were used during 
the Rietveld refinement. The extended Williams-Imhof-Matthies-Vinel (E-
WIMV) texture model was used to simulate crystallographic texture [37]. The 
radial diffraction in the diamond anvil compression (rDAC) strain model was 
employed to model the lattice strains [38,39]. The interplanar distance in the 
loading and transverse directions for various crystallographic planes was 
calculated by Eqn. (1) and (2) 

                           Eqn. 1 

                                                           Eqn. 2 

Where  represents the average interplanar spacing of {hk.l} planes in 
grains with their {hk.l} plane normal parallel to the loading direction. Similarly, 

 indicates the average interplanar spacing of {hk.l} planes in the grains 
with their {hk.l} plane normal parallel to the transverse direction.  is the angle 
between the loading axis and the diffraction plane normal.  is the fitting 
parameter of rDAC model. The lattice plane-specific strain in both loading and 
transverse directions is calculated from Eqn. 3 

                                                                                        Eqn. 3       

Here, d0 is obtained by refining the diffraction pattern obtained before 
deformation.  

2.5. Inverse Modeling 
The elastoplastic mechanical responses exhibited by the two samples were 
simulated with the help of full-field simulations. An agreement between 
experimental and simulated responses was sought through iteratively 
calibrating material parameters of the underlying constitutive equations. To this 
end, an optimization algorithm was adopted. The following sub-sections 
provide the details of the inverse modelling approach.  

 



 

2.5.1. Crystal Plasticity Simulations 

A spectral solver within DAMASK, an open-source multi-physics material 
behavior simulation toolkit, was employed to simulate the elastoplastic 
response of the samples [40]. DAMASK is formulated in a large-strain 
framework, in which the total deformation gradient tensor  of each individual 
material point is multiplicatively decomposed into a plastic isochoric 
deformation gradient tensor  that maps from reference configuration to 
plastic configuration and elastic non-isochoric deformation gradient tensor  
which maps from the intermediate to the deformed configuration. The elastic 
Green-Lagrange strain tensor  and its work-conjugated 
second Piola Kirchhoff stress tensor    

                                                                                                 Eqn. 4 

where  is the fourth-order stiffness tensor. 

The evolution of the plastic deformation gradient follows , where  
is the plastic velocity gradient. In crystal plasticity,  comprises the 
contributions exclusively from slip systems and is defined as a projected sum 
of shear rates  on these slip systems 

                                                                                Eqn. 5 
where  is the total number of slip systems and  is the Schmid 
matrix of a slip system constructed from its plane normal n and slip direction s. 

A constitutive model at the slip-system level defines the relationship between 
the applied stress  (Mandel stress in plastic configuration) and the plastic 
response . When non-Schmid effects are discarded, the applied stress can be 
resolved onto a slip system as 
 
                                                                                           Eqn. 6 
where  is the resolved shear stress that drives plastic deformation in the 
material. A widely used phenomenological model, where the material state is 
characterized by resistance offered to plastic slip, has been adopted [41]. A slip 



system-specific slip resistance, , evolves from its initial value  to a 
saturation value  according to 
 

         Eqn. 7 
 
where  and  are slip family-dependent fitting parameters, governing the 
initial slope and shape, respectively, of the hardening curve. Eqn. (7) shows that 
apart from self-hardening, the hardening behavior of a slip system  is also 
dependent on the neighboring slip systems these inter- and intra-slip 
family interactions is defined by elements of the interaction matrix . The 
plastic response, , of a slip system , is then dependent on its current resistance 
to slip  and the resolved shear stress  through a power law-like relation 
 

                                                                    Eqn. 8 
 
where  and n are the reference shear rate and the inverse of the rate 
sensitivity exponent, respectively.  
 
2.5.2. Computation of Lattice Strains 

Before extracting the elastic strain for the different lattice planes, grains that 
satisfied Bragg's diffraction condition for each lattice plane were identified. The 
grains whose lattice plane normal, including symmetrically equivalent ones, 
aligned within a threshold angle of 3.5 degrees with the loading direction were 
considered to satisfy the diffraction condition. Once the grains pertaining to a 
plane family were identified, the elastic component of the total strain in these 
grains along the plane normal was computed. These elastic strains were then 
averaged to yield the lattice strain of the corresponding plane family. 

2.5.3. Material Parameters Calibration 

The elastic and the plastic parameters for the constitutive model were calibrated 
separately against the experimental data set. Firstly, the single crystal elastic 
constants were calibrated against the elastic regime of the lattice strain vs global 
stress data for the four lattice planes ({10.0}, {00.2}, {10.1}, and {10.2}), 
corresponding to the first four reflections of the hexagonal phases. Secondly, 
the plastic parameters were calibrated by fitting a part of the experimental 
dataset, starting from just below the yield stress till the ultimate tensile strength. 
Here, the plastic response of the material has been represented by considering 



only three slip systems, viz. basal <a>, prismatic <a>, and pyramidal I <c+a>. 
However, the interactivity of the three slip families renders difficulties in 
calibrating model parameters, as even a relatively simple phenomenological 
model ends up having a huge number of parameters with interdependencies. 

To tackle this challenge, the calibration was carried out systematically not just 
against a single global stress-strain response, but also against the orientation-
specific mechanical response, capturing the disparity in slip family contribution 
to the overall behavior. Hence, the plastic parameters in the present approach 
were calibrated in two steps: in the first step, only the global stress-global strain 
dataset was considered as the reference. In the second step, in addition to the 
global dataset, global stress-lattice strain datasets of the four plane families 
were also considered as reference. A direct search Nelder-Mead optimization 
algorithm was adopted to find optimal values of model parameters. 

The routines for material parameter identification were implemented in Python 
and utilized a variant of the Nelder-Mead simplex algorithm [42] with adaptive 
parameters, incorporated in a Python library for scientific computing SciPy 
[43]. The Nelder-Mead simplex algorithm is a local non-gradient-based 
optimizer whose ability to converge at an optimal point is sensitive to the initial 
guess values of the parameters.  
 
2.5.4. Formulation of Loss Functions 

The optimizer, for each iteration, computes losses by juxtaposing the reference 
experimental data (exp) against the simulated material responses (sim). As 
mentioned in the previous section, the five independent elastic constants of 
hexagonal symmetry of the linear elastic model were calibrated against the 
experimental global stress vs lattice strains data set. The discrepancy from the 
reference was quantified as a scalar loss value according to: 

                                                                        Eqn. 9                         
 
where N is the total number of data points, and LS stands for lattice strains.  
represents the lattice strain of a plane family, and ||.||2 is the -norm. 
 
In the first global  step of the plastic parameter calibration routine, the total 
loss -where the subscripts p and G stand for plastic and global, respectively- 
comprises the contributions from the actual values (0) and their first derivatives 
(1) and reads 
 
                                                              Eqn.10                  
 



The two contributions were weighted relatively (  and ) and a factor 
 was calculated during the first iteration to consistently bridge the difference 

in magnitude between  and . 
 
In the second step, in addition to the global response of the sample, lattice 
strains of the four plane families together constitute the reference data set. For 
this case, the total plastic loss function consisted of two additional terms-on the 
top of Eqn (10)    and , and two more factors to bridge differences 
in magnitudes. The total loss of plastic fitting  then reads 
                                                               Eqn. 11 
 

 is computed in a similar way as displayed in Eqn. (9), however, now also 
including the first derivative. 
 
2.5.5. Initial Guess Values and Constraints 

The initial guess values were chosen carefully as the initial simplex 
significantly affects the search direction within the Nelder-Mead method. For 
the elastic parameters, initial values were taken from ref. [42]; a minor 
difference in the present approach is that C33 was taken as an independent 
parameter.  
 
In the first step of the plastic parameters' optimization, only three parameters 
were considered independent. These were ,  and  representing model- 
specific fitting exponent, initial hardening rate and initial slip resistance, 
respectively, of the prismatic slip family. The parameters pertaining to the basal 
and pyramidal slip families were deemed to be dependent on the prismatic slip 
family parameters and were kept constant by keeping the ratios and  

fixed. Here, a value of 1.05 was chosen for  [43]. While two different values 

were chosen for the , 1.68 for the heat-treated specimen and 3 for the as-built 

specimen [43,44]. The different values were chosen due to the significantly 
different behavior of {00.2} grains in both specimens and these grains tend to 
deform via the pyramidal I c+a  slip system. In the as-built sample, higher load 
bearing capacity of {00.2} grains motivated to choose a higher value for  
compared to the heat-treated specimen. The initial value for  was chosen to 
be , where 2.65 is the average Taylor factor from iso-stress and iso-strain 
conditions. Furthermore, a multiplier  was used on  to obtain . In the 

second and the final optimization step where additionally the lattice strain data 



was also included, the reference data now embodied the information about the 
disparity in plastic activity of different slip families. The fixed-ratio constraints 
that were imposed on the plastic parameters in the previous step were lifted, 
resulting in twelve independent parameters that are to be calibrated: a, ,  
and  of each slip family.  
 
3. Results & Discussion 
3.1. Microstructure Analysis 
Figure 3 (A, B) presents the microstructure of L-PBF processed Ti-6Al-4V in 
the as-built and heat-treated condition. The microstructure in the as-built state 
comprised the  phase, while the heat-treated microstructure was composed of 

 

 
Figure 3: The microstructure of Ti-6Al-4V specimen in the (A) as-built and 

(B) the heat-treated conditions. 

3.2. Macroscopic tensile properties 
Figure 4 illustrates the macroscopic tensile curve for the as-built and heat-
treated specimen obtained during the in-situ tensile test at DESY. As expected, 
the as-fabricated specimen exhibited higher ultimate tensile strength with 
reduced ductility compared to the heat-treated specimen [30]. However, a 
similar yield strength (  y,0.2) was observed for both samples. 



 

Figure 4: Macroscopic true stress-strain curves for the as-built and heat-
treated specimens obtained during in-situ tensile deformation  performed in 

combination with HEXRD   

3.3. In-situ deformation monitoring with HEXRD 
Figure 5 (A, B) displays the lattice strain evolution with the true stress for nine 

on 
3.3.2. Here, the positive and negative strains represent the strains in the loading 
and transverse directions, respectively.  

In the -fabricated sample, the lattice strain along the loading 
direction in all grain families evolves linearly up to 800 MPa (a stress value 
below the macroscopic  yield point); thereafter, all curves deviate from 

heat-treated sample evolves linearly up to its macroscopic yield point and the 
deviation from linearity is observed only after the yield stress is exceeded. The 

-fabricated and 
heat-treated samples, respectively, will be extensively discussed in later 
sections.    









change in slope during the transition from elastic to plastic deformation. The 
vertical dotted line indicates the macroscopic yield stress. 

3.3.1.3. Full Width Half Maximum (FWHM) and Intensity Evolution 

is plotted in Figure 8 (A-F). Both parameters have been normalized with their 
respective values in the unloaded state. Generally, an increase in the FWHM of 
a diffraction peak may result from either a higher dislocation density or a 
heterogeneous strain distribution [32,53]. However, the impact of 
heterogeneous strain distribution on peak broadening is significantly less than 
that of increased defect density [54]. Therefore, a drastic increase in FWHM 
can serve as an indicator of plastic deformation [31]. On the other hand, 
intensity variation can give information about the grain rotation during plastic 
deformation, which can also indirectly indicate the active slip system.   

 Prismatic planes ({10.0}, and {11.0}): Figure 8(B, E) 

Figure 8 (B) shows that the {11.0} reflection broadens above 750 MPa. 
However, a drastic increase in FWHM is only observed after the stress level 
reaches 850-900 MPa, higher than the yield point of the {11.0} grains, as 
indicated by their lattice strain curves (Figure 7 (A)). In contrast to the {11.0} 
reflection, the {10.0} reflection behaves differently: it initially narrows by 
nearly 7% before broadening above 900 MPa, close to the yield point of the 
{10.0} grains. This initial narrowing in {10.0} grains could have resulted from 
dislocation annihilation. As both {10.0} and {11.0} reflections broaden above 
their respective yield points, the peak broadening can be attributed to increased 
dislocation density owing to the initiation of plastic deformation in these grains. 
Unlike the FWHM evolution, the {10.0} and {11.0} reflections display 
opposite trends in peak intensity: post-yield, the intensity of the {11.0} 
reflection decreases by almost 50%, whereas the intensity of the {10.0} 
reflection increases by 10%. Previous studies have linked this contrasting 
intensity trend for the {10.0} and {11.0} reflections to grain rotation due to 
prismatic slip activation in these grains [55].    

 Pyramidal planes ({10.1} and {10.2}): Figure 8 (A, D) 

{10.1} and {10.2} reflections slightly broaden above 750 MPa, which is 
significantly below their respective yield stresses as indicated by their lattice 
strain curves (Figure 7 (B)). After reaching their respective yield points, the 
FWHM of the {10.1} reflection increases drastically, while that of the {10.2} 









Figure 10: -treated 

 dotted line represents the linear 
slope in the elastic region. The vertical lines in the panel (A)  (D) indicate 

the macroscopic yield point of the specimen. Panels (E) and (F) offer a 
zoomed-in view of the (A) and (C) to highlight the plastic deformation for 

dotted line represents the linear regression of the first four data points after 
the upward inflection above 900 MPa. This is performed to indicate the 

plastic deformation of the aforementioned grains.   

3.3.2.3. Full Width Half Maximum (FWHM) and Intensity Evolution 

Figure 11 
phase reflections as a function of true stress. All diffraction peaks exhibit 
narrowing and intensification up to 850 MPa, a behavior that was not observed 
in the as-built state. Beyond 850 MPa, FWHM evolves differently across 

observed in the elastic regime, it has not been previously commented on in ref. 
[58]. The peak narrowing can be attributed to the reduced dislocation density 
in the elastic regime, caused by dislocation recombination, dislocation sinking 
into grain boundaries, and the formation of low-energy dislocation structures 
[32,59].  

 Pyramidal planes ({10.1}, {10.2}, {10.3}, and {11.2}): Figure 11 (A, 
D) 

In line with the lattice strain evolution, the {10.2} reflection is the first to 
broaden above 875 MPa, very close to its yield point, indicating that the 
increase in FWHM is attributable to the increased dislocation density. Further 
loading causes broadening of the {10.3} reflection at 910 MPa, and the {10.1} 
and {11.2} reflections at 925 MPa, close to their respective yield points. 
Conversely, the intensity of the {10.2} and {11.2} reflections decrease above 
their respective yield points. The intensity of the {10.1} diffraction signal 
initially decreases slightly but increases at higher levels of true stress. 

 Prismatic planes ({10.0} and {11.0}): Figure 11 (B, E) 

their yield points, attributable to an increase in dislocation density in these 







agreement between the experimental and simulated lattice strain evolution was 
not reached for {10.1} and {10.2} grains. The optimized set of plastic 
parameters is presented in Table 3. The possesses higher CRSS for all 
slip systems, except the prismatic slip system,  

Table 3: Optimized plastic parameters  

Slip 
Family Parameter -Built) -treated) 

Basal 

0 (MPa) 349 332 
(MPa) 409 334 

h0 (MPa) 1428 2568 
a 0.36 0.99 

Prismatic 

0 (MPa) 312 347 
(MPa) 319 415 

h0 (MPa) 5293 2905 
a 0.64 0.72 

Pyramidal 
I <c+a> 

0 (MPa) 648 490 
(MPa) 1941 742 

h0 (MPa) 5996 2689 
a 0.46 0.77 

 

Since the Nelder-Mead method is a non-gradient-based local optimizer, the 
resulting optimal values are sensitive to the initial guess values. To investigate 
the influence of the initial guess values, a sensitivity analysis was conducted in 
which the initial guess value for each parameter was varied by +10 %, and the 
resulting change in optimal values of the model parameters was quantified and 
plotted in the form of a heatmap in Figure 13. Due to perturbations in the initial 
values, the percentage change in losses from the reference optimization run was 
less than 0.3% in all cases. 





3.4.3. Deformation mechanisms  

Figure 14 categorizes the grains based on the dominant slip family. Here, the 
dominant slip family is determined by identifying the slip family that 
accommodates the maximum plastic shear.  

In both specimens, the deformation in the {10.0} grains is primarily 
accommodated by prismatic slip, although a few {10.0} grains in the heat-
treated specimen deform via pyramidal I <c+a> slip. The absence of pyramidal 
I <c+a> slip in {10.0} grains of the as-built sample may be attributed to its 
higher CRSS. Next, the {10.2} grains primarily deform through the activation 
of the basal slip system. Whereas, the {10.1} grains deform via activation of 
both basal and prismatic slip systems. The deformation mechanisms of {00.2} 
grains differ significantly between the two samples. In the heat-treated sample, 
deformation in {00.2} grains is solely accommodated by pyramidal I <c+a> 
slip, as shown in Figure 14. Whereas, in the as-built specimen, numerous 
{00.2} grains also deform by the basal and prismatic slip in addition to the 
pyramidal I <c+a> slip system.  

The lattice strain in {00.2} planes represents an average strain along the c-axis 
in the grains, having the c-axis parallel to the loading direction. As suggested 
by Figure 14, most of the diffracting {00.2} grains deform by pyramidal I 
<c+a> slip and rest either by basal or prismatic slip. One possible hypothesis to 
explain the {00.2} lattice strain evolution is as follows. Ideally, the lattice strain 
evolution of {00.2} grains deforming via pyramidal I <c+a> slip would plateau, 
similar to other grain families experiencing plastic deformation. However, 
{00.2} grains deforming via basal and prismatic slip would continue to deform 
elastically along the c-axis, and the strain evolution along the c-axis would 
never plateau, as <a> dislocations on the basal or prismatic plane would not 
cause plastic strain along the c-axis. As a result, when the contributions from 
both types of grains are combined, the overall lattice strain continues to 
increase. Moreover, the broadening of the {00.2} reflection can be attributed to 
the increased dislocation density in grains deforming via the pyramidal I <c+a> 
slip system.  



 
Figure 14: Heatmaps showing the dominant deformation mode in different 
grains. The grains are categorized into three categories based on dominant 

deformation mechanisms  basal, prismatic, and pyramidal I <c+a>. 

3.4.4. Intensity evolution 

Although diffraction peak intensities cannot be directly modeled with crystal 
plasticity simulations, the number of grains with specific orientations
proportional to the diffraction peak intensity was tracked as a function of 
applied stress for both heat-treated and as-built conditions (see Figure 15). To 
this end, the number of grains belonging to the {10.0}, {00.2}, {10.1}, and 
{10.2} orientations in both the undeformed and deformed configurations was 
tracked as a function of applied stress for the heat-treated and as-built 
conditions. The model qualitatively captured the intensity evolution trend for 
{10.0}, {10.1}, and {10.2} reflections in both specimens. However, there was 
a significant discrepancy between the experimentally tracked intensity 
evolution and predicted intensity evolution trends for the {00.2} grains, 
particularly in the as-built state, and to a lesser extent, in the heat-treated 



condition. For the as-built state, the simulation predicted intensification of 
{00.2} reflection as opposed to the attenuation observed in the experiments. To 
further understand the intensity evolution trend, grain rotation tendencies were 
studied individually in each of the four grain families. 

 
Figure 15: Comparison of the peak intensity evolution, determined from 

experiments, with the number of grains of corresponding orientations 
extracted from simulations. Both values have been normalized by the 

corresponding values at the undeformed configuration. The grey patches in 
the plots represent elastoplastic transition regions identified from global 

stress-strain data. 

The grain rotation tendencies upon tensile deformation for the as-built and heat-
treated specimens are shown in Figure 16. For each grain family, the center of 
mass is marked to track its rotation tendency. The poles of {71.0}, {21.0}, and 
{11.0} grains, upon deforming by prismatic slip, spread toward the [10-10] 
vertex of the IPF. This pole movement corresponds to a grain rotation along the 
c-axis, attempting to align the <10-10> direction with the loading axis. This 
corroborates the grain rotation trend previously associated with the prismatic 
slip, investigated by EBSD [55,61 63]. The spreading of the {11.0} poles due 
to prismatic slip activation explains the attenuation of the {11.0} reflection, 
while the rotation of nearby orientations, such as {71.0}, towards {10.0} can 
explain the intensification of the {10.0} reflection.  



In both specimens, the {10.1} and {10.2} grains were observed to move away 
from the [0001] vertex in the IPF, indicating an increased angle of inclination 
between the loading direction and the c-axis. This observation is consistent with 
the findings of Lin et al., who, through EBSD analysis, demonstrated that basal 
slip causes grain rotation in a way that tends to align the basal plane with the 
loading direction [63]. Ideally, this rotation would have resulted in reduced 
intensity for both {10.1} and {10.2} reflections as these grains move out of the 
diffraction conditions. However, as shown in Figures 8(D) and 11(D), {10.2} 
reflection attenuates after deformation, while {10.1} reflection intensifies. To 
better understand this trend, the evolution of neighboring grain orientations, 
such as {10.3}, {10.4},  and {71.10}, was also tracked. It was observed that 
basal slip activation in the {71.10} and {10.3} grains rotated them into an 
orientation that enhances the intensity of the {10.2} reflection. Similarly, basal 
slip activation in {71.10} grains rotated them into an orientation that contributes 
to the {10.1} diffraction peak. Therefore, the post-deformation intensities of 
{10.1} and {10.2} depend on the relative balance of grains entering and leaving 
the respective diffraction condition. As a result, the intensification of the {10.1} 
reflection and the attenuation of the {10.2} reflection is not typical of basal slip, 
and intensity variation for {10.1} and {10.2} depends upon the initial texture.  

Finally, {00.2} grains tend to deform via pyramidal I <c+a> slip system in both 
samples, as seen from Figure 13. However, pyramidal I <c+a> slip activation 
did not cause significant grain rotation in the {00.2} grains. Hence, the rotation 
of {10.10} grains was studied to understand the rotation induced by pyramidal 
I <c+a> slip. In the heat-treated specimen, {10.10} grains, upon activation of 
pyramidal I <c+a> slip, consistently moved towards the [0001] vertex, meaning 
that pyramidal I <c+a> slip rotates a grain in a way that aligns the c-axis with 
the loading axis. This brings orientation such as {10.10} into the {00.2} 
diffraction condition, resulting in increased intensity of {00.2} reflection in the 
heat-treated state (Figure 11 (D)). However, such coordinated movement of 
{10.10} grains towards the [0001] vertex was not present for the as-built 
sample. This could be because of {10.10} grains that deform by basal or 
prismatic slip, instead of pyramidal I <c+a> slip, would not rotate toward the 
[0001] corner. Moreover, some of the {00.2} grains that deform by basal or 
prismatic slip would also move out of the {00.2} diffraction condition. In this 
way, the drop in {00.2} peak intensity after yielding in the as-built specimen 
can be explained.  



 
Figure 16: (A) The  IPF triangle indicates the initial location for 15 different 
grain families that were monitored during the simulations in an undeformed 
state. The grain rotation tendencies for 15 different grain families during the 
tensile deformation in (B) heat-treated and (C) as-built conditions are shown. 
Bold lines demarcate a threshold angle of 3.5 degrees, which was chosen as 
the tolerance to determine grains that satisfy the diffraction condition. The 

markers with black colored edges represent the mean of the coordinates in the 
IPF triangle, and the black line represents the path traversed during loading.  

3.5. Possible factors affecting the CRSS of the two hexagonal 
 

This section primarily discusses the potential origin for the observed 
differences in CRSS values of the different slip systems in the two hexagonal 

composition of the hexagonal unit cell, the effective grain sizes, and the 
  

(I) c/a ratio 

The c/a ratio of a hexagonal unit cell is a crucial geometric factor influencing 
the activity of slip systems. A higher c/a ratio favors basal slip activation, while 
a lower c/a ratio predisposes the hexagonal unit cell to deformation via non-
basal slip systems, viz., prismatic <a>, pyramidal I <c+a>, or pyramidal II 
<c+a> [51,64]. However, both phases have a similar c/a ratio (see Table 4), 



meaning the c/a ratio cannot account for the differences in CRSS between the 
two phases.  

Table 4 s 

Phase a (nm) c (nm) c/a 
 
 

 
0.292 

 
0.467 

 
1.5969 

 
 

 
0.294 

 
0.468 

 
1.5952 

 

(II) Chemical composition 

7 wt.%) compared 

Garg et 
al., based on ab-initio simulations, demonstrated that this effect is highly 
anisotropic [65]. 

the increment would differ for each slip system. However, contrary to this 
expectation, only the 
CRSS, while the basal and pyramidal slip systems have lower CRSS values. 

(III) Effective grain size 

T
between CRSS values and grain size has been previously observed in both pure 
titanium and Ti-6Al-4V alloys [29,54,66]. 

Surprisingly, this expected trend was not reflected in the CRSS values obtained 
from the optimization procedure.   

(IV)  

Macroscopic residual stresses (Type I residual stresses), induced by L-PBF 
 [67

69]. However, the distribution of Type II intergranular stresses across different 
orientations has never been explored in the as-built Ti-6Al-4V. Such stresses 
could result from thermal and mechanical anisotropy or from  transformation 
or from a combination of both. Although, not in Ti-6Al-4V, the thermally 
induced residual stresses have been observed in hexagonal unit cells of 
beryllium [70,71]. Similarly, t -induced stresses 



during rapid cooling has been confirmed in steels but not in titanium-based 
alloys [72,73].  

-
phase would influence the onset of plasticity in different grain families. 
Specifically, tensile residual stresses might hasten the initiation of plastic 
deformation, whereas compressive residual stresses could delay it. 
Consequently, neglecting these residual stresses during crystal plasticity 
simulations could lead to an underestimation or overestimation of CRSS values, 
depending on their tensile or compressive nature, respectively. This could 

-6Al-
4V. For instance, the ratio of b p has been reported to range from 0.9 to 1.45, 
and an even greater variance has been observed for the ratio of b , which 
ranges from 1.5 to 5 [74 76].  

4. Summary 
This study investigated and compared the micromechanical deformation 

laser powder bed fusion (L-PBF) processed 
Ti-6Al-4V, in the as-built and heat-treated conditions, respectively, using an 
integrated experimental and simulation approach. 

The distinct lattice strain evolutions observed in various diffracting planes for 

Both phases exhibited qualitatively similar anisotropic elastic behavior, with 
the highest elastic modulus along the {00.2} planes and the lowest along the 
{10.0} planes confirming the previously reported inverse correlation between 
apparent -axis and the loading 

ase consistently exhibited a higher 
 However, the two 

phases  displayed markedly different plastic deformation responses, 

I <c+a> order. Additionally, 
changes in full width at half maximum (FWHM) and diffraction peak intensity 
for various reflections were analyzed to further elucidate the plastic 
deformation behavior. 

Next, an inverse modeling approach based on the Nelder-Mead optimization 
algorithm was implemented within a crystal plasticity framework. This 
approach utilized both the global tensile response and local lattice strain stress 



data for four reflections {10.0}, {00.2}, {10.1}, and {10.2} to determine 
the elastic constants and slip system-specific critical resolved shear stresses 

higher CRSS values for all slip families except the prismatic slip family. 
Potential explanations for these differences were discussed, with intergranular 
stresses present in the undeformed state suggested as a contributing factor. 
Furthermore, crystal plasticity simulations using the optimized parameter set 
provided insight into the deformation mechanisms across different grain 
orientations, collectively explaining the evolution of both lattice strains and 
diffraction peak intensities. 
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Appendix A 

Table A1: Schmid factors for the basal <a> , prismatic <a>, and pyramidal I 
 

Slip System {10.0} {00.2} {10.1} {10.2} {11.0} {10.3} {11.2} {20.1} {10.4} 

Basal <a> Slip System 
          

(0002) [-12-10] 0.000 0.000 0.000 0.000 0.000 0.000 0.225 0.000 0.000 
          

(0002) [-1-120] 0.000 0.000 0.363 0.432 0.000 0.387 0.450 0.218 0.330 
          

(0002) [2-1-10] 0.000 0.000 0.363 0.432 0.000 0.387 0.225 0.218 0.330 
           

Prismatic <a> Slip System 
          

(01-10) [2-110] 0.433 0.000 0.335 0.199 0.433 0.119 0.311 0.404 0.076 
          

(1-100) [11-20] 0.433 0.000 0.335 0.199 0.000 0.119 0.000 0.404 0.076 
          

(-1010) [-1210] 0.000 0.000 0.000 0.000 0.433 0.000 0.311 0.000 0.000 
           

Pyramidal I <c+a> Slip System 
          

(0-111) [-12-13] 0.000 0.404 0.248 0.404 0.202 0.459 0.404 0.122 0.475 
          

(0-11-1) [11-2-3] 0.202 0.404 0.000 0.202 0.404 0.306 0.202 0.122 0.356 
          

(01-11) [-12-13] 0.000 0.404 0.065 0.032 0.202 0.126 0.032 0.066 0.191 
          

(01-1-1) [-1-12-3] 0.202 0.404 0.129 0.048 0.404 0.169 0.048 0.199 0.239 
          

(1-101) [-12-13] 0.000 0.404 0.248 0.404 0.000 0.459 0.404 0.122 0.475 
          

(1-101) [-2113] 0.202 0.404 0.000 0.202 0.000 0.306 0.202 0.122 0.356 



          
(-1101) [-12-1-3] 0.000 0.404 0.065 0.032 0.000 0.126 0.032 0.066 0.191 

          
(-1101) [-211-3] 0.202 0.404 0.129 0.048 0.000 0.169 0.048 0.199 0.239 

          

(10-1-1) [-1-12-3] 0.404 0.404 0.441 0.231 0.404 0.053 0.231 0.482 0.061 
          

(10-1-1) [-211-3] 0.404 0.404 0.441 0.231 0.202 0.053 0.231 0.482 0.061 
          

(-101-1) [11-2-3] 0.404 0.404 0.000 0.295 0.404 0.417 0.295 0.216 0.462 
          

(-101-1) [-2113] 0.404 0.404 0.000 0.295 0.202 0.417 0.295 0.216 0.462 
 

   

 


