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evolving microstructure according to the nucleation rates calculated as a 
function of local concentration, temperature and crystalline defects (i.e., 
GBs) [24,26]. For simplicity, we consider that all GB precipitates 
maintain BOR with β2 and belong to a single variant as described by Eq. 
(1). We started again from considering θ = 30∘ (Fig. 4). Individual α 
precipitates first nucleate and grow independently until all the available 
nucleation sites are occupied. A total number of 36 α precipitates 
nucleate heterogeneously at the GBP. These discrete α precipitates first 
grow independently and then coalescence (among the same variant) 
with each other, forming an extended layer of GBα completely covering 
the GB. Also noticed is that protrusions on the surface (Figs. 4(b) and (g)) 
of the continuous α films gradually develop into α laths with 
well-defined habit plane (Figs. 4(d) and (i)). Overtime, the progressive 
growth of α laths towards grain interior leads to the formation of a 
microstructure that is dominated by α colonies of parallel laths 
emanating as side plates from the nearly continuous grain boundary α 
film (Figs. 4(e) and (j)). During the growth into grain interior, coars
ening among WSs takes place and the longer WS further grow at the 
expense of the relatively small ones (encircled by the red dashed lines, 
Figs. 4(i) and (j)). 

Fig. 5 maps the morphology of GB precipitates as a function of θ. 
Three distinct regimes of GB precipitate morphology are readily 
observed, which can be separated by two critical angles θ1

c and θ2
c : 

θ ≤ θ1
c , GBα alone appears as a continuous layer covering the whole GB 

(see Fig. 5(a) for θ = 19∘), θ1
c < θ ≤ θ2

c , the morphology of α precipitate 
looks like a mixture of GBα layer and WS emanating from it (Figs. 5(b)- 
(e)); θ > θ2

c ,  WS alone grows directly from the bare β GB without 
forming GBα (Figs. 5(f) and (l)). Note that in regime II, the morphology 
of GBα evolves from a continuous layer (Fig. 5(h)) into discrete particles 
(Fig. 5(k)), while the number (as can be seen from the areal number 
density of side plates) and the length of WS into grain interior increase 
with increasing θ. The transition in the morphology suggests that WS 
gradually gains growth advantage over the lateral growth of GBα. Even 
the number of simulations in the current study is not enough to resolve 
these two critical angles, the observed morphological transition suggests 
that 19∘ < θ1

c < 23∘ and 75∘ < θ2
c < 90∘. 

The simulation results above make clear that the morphological 
variation of α precipitates at a β GB originates from the inclination angle 
θ dependence of the dynamic interplay between the spreading over the 
GBP and the growth into grain interior as a WS during precipitate 
growth. Even though both processes are driven by the chemical free 
energy reduction, the former and the thus formation of GBα is promoted 
by the area reduction of the pre-existing GB, while the latter is ener
getically favorable by the α/β interfacial energy and strain energy 
minimization through developing an optimum shape having a broad 
face with its orientation corresponding to the direction at which the 
elastic strain energy density is minimized [27]. Depending on the 
magnitude of θ, two processes could be competing against or comple
mentary to each other. For example, at θ = 0∘, there exists a pronounced 
tendency for the HP developed to be parallel to the GBP. Doing so not 
only maximizes the area of GB eliminated by the GBα but also minimizes 
the elastic strain energy. Consequently, spreading of multiple α pre
cipitates of the same orientation variant and the subsequent coalescence 
leads to the formation of a continuous layer of GBα without the presence 
of WS. Following the fact that an optimum shape with a well-defined 
habit plane (or broad face) orientation offers a relative low interface 
energy as well as low elastic strain energy for a precipitate with a given 
volume, any deviation from it (measured by θ), will result in a rise in the 
value of these energy terms. Therefore, as θ increases, the lateral growth 
or spreading over the GBP will be gradually suppressed because the 
concomitant development of a “wrong” habit plane (i.e., GBP) would 
result in a significant increase in both strain energy and interface energy 
[27]. 

Consequently, WS develops during continued increase of θ when the 
elastic strain energy and interfacial energy contribution to the total free 

energy of the system become dominant. Formation of WS relieves the 
elastic strain energy built up due to developing a non-optimum habit 
plane at the expense of increasing both interface and elastic strain en
ergy. Consequently, precipitate morphology transits from a continuous 
GBα layer to a mixture of GBα and WS emanating from it, and eventu
ally, a pure WS without forming GBα (see, e.g., θ = 90∘). Morphologies 
of three GB precipitates observed in the present experiments support the 
above analysis (Fig. 1), for which the θ are 73.18, 0 and 90∘ for GBα1 to 
GBα3, respectively. 

Several assumptions made in the current study need to be noted. First 
of all, nucleation and growth of multiple α precipitates of the same 
orientation variant at a β GB are considered in the present study. 
However, it is frequently observed that multiple α precipitates of 
different orientation variants form simultaneously at the same GB. As a 
result, they impinge upon each other during spreading along the same 
GBP and form more or less equiaxed GBα (instead of a continuous α film) 
due to the spatial confinement from neighboring variants of dissimilar 
type. Moreover, when developing into grain interior as a side plate, 
spatial confinement or hard impingement between side plates of 
different variants may also occur since their habit planes have different 
inclination angles relative to the same GBP. This may explain the 
experimentally observed diverse morphology of grain boundary pre
cipitates. It should be emphasized that such interactions do not change 
the nature of dynamic interplay between two key processes, i.e., the 
spreading along GBP and the intragranular growth of the GB precipitate, 
during the growth of GB precipitate of arbitrary variant. Secondly, 
instead of developing a phase-field model for the experimental model 
system Ti-5553, we employed the phase-field model developed for Ti- 
6Al-4V system to elucidate the underlying mechanism(s) for the 
morphological variation. However, this discrepancy in alloy composi
tion will not qualitatively change the result. This is because two key 
processes as revealed by the current simulations are universal in what
ever alloy systems as long as nucleation of precipitates occur at GBs. 

In summary, the results represent an important progress towards 
understanding the formation mechanisms for key microstructure fea
tures of second-phase precipitate that have profound influence on me
chanical properties in Ti-alloys. Moreover, the advantage of using 
advanced 3D computational and characterization tools in a correlative 
manner for understanding complex microstructure development are 
applicable to a wide range of metallic materials beyond Ti alloys. 
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