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In this work, an elasto-viscoplastic fast-Fourier-transform (EVP-FFT) model with a dislocation-density 

(DD) based hardening law is employed to study the growth of a { 10 ̄1 2 } tensile twin that is blocked 

by basal-precipitates in precipitate-hardened AZ91 magnesium alloy. It is frequently reported that twin 

growth is hindered in precipitate-hardened Mg alloys; however, thick twin domains are often observed 

experimentally in these material systems. Detailed numerical investigation of deformation twinning start- 

ing from an early propagation stage, before twin growth, reveals that the stress fields that result from 

two sequentially propagated twins co-impinging on a precipitate relaxes the twin back stress locally and 

promotes twin growth at the twin-precipitate junction. Based on these findings, a two-step growth mech- 

anism is proposed for twins arrested by precipitates. In the first step, the interaction of a twin tip with a 

precipitate develops a stress concentration on the other side of the precipitate, prompting the formation 

of a second twin. Subsequently, the back stresses associated with the first twin are relaxed by the forma- 

tion of the second twin, allowing the first twin to grow at the twin-precipitate junction and eventually 

engulf the precipitate. This mechanism suggests that twin growth can be achieved locally with minimal 

additional external forces, explaining how relatively large twin domains can develop even in the presence 

of arrays of precipitates. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Interest in hexagonal close-packed (hcp) magnesium alloys in 

tructural applications has intensified over the last few decades 

ue to their low density, high specific strength, abundance, and 

ecyclability [1,2] . A common strategy to bolster the mechani- 

al properties of Mg alloys, such as AZ91, is to form a disper- 

ion of precipitates throughout the microstructure that blocks the 

lide of dislocations [3–7] . The precipitates that form in AZ91 al- 

oy, for instance, are either thin lath-shaped basal or rod-shaped 

rismatic Mg 17 Al 12 precipitates with a body-centered cubic (BCC) 

rystal structure [8,9] . The habit planes of basal- and prismatic- 

recipitates are parallel to the basal and prismatic planes of the 

arent hcp phase, respectively. Plastic deformation of the AZ91 al- 
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oy under relatively low strains and at room temperature is accom- 

odated by both dislocation slip and deformation twinning [9,10] . 

he amount of twinning that develops affects the ductility, me- 

hanical stability, strain-hardening response, and texture evolution 

11–16] . Compared to precipitate-dislocation interactions, the inter- 

ctions between the precipitates and twins have received less at- 

ention but are clearly of equal importance in understanding the 

eformation behavior of precipitate-strengthened Mg alloys. 

Twin development generally consists of three stages: nucle- 

tion, propagation, and growth, and precipitates can have a distinct 

nfluence on each [17] . Precipitate/matrix interfaces have been sug- 

ested to serve as nucleation sites due to their high defect content 

nd stress concentrations [18] . Consistent with this notion, some 

tudies have reported greater numbers of twin lamellae but simi- 

ar twin volume fractions with precipitates than without [19–21] . 

n propagation, precipitates act as obstacles, causing the moving 

win-tip to fully arrest or skew from the twin habit plane to by- 

ass the precipitate [17,22] . Where the twin-tip impinges the pre- 

ipitate, and the ratio of the twin thickness to precipitate width 

ave been found to influence the path taken by the twin-tip [23] . 

pecifically, in our previous work, we have shown that the interac- 

https://doi.org/10.1016/j.actamat.2022.118471
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.118471&domain=pdf
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ion between an impinging precipitate and twin develops a high- 

tress concentration on the opposite side of the precipitate. The in- 

ensity of stress localization depends on the relative sizes of twins 

nd precipitates, and also the interaction location, such as the pre- 

ipitate tip versus the center of the precipitate. This local stress 

avors the formation of a new twin on the opposite side of the 

recipitate. 

In regards to twin growth, it is commonly reported that the 

resence of precipitates hinders the twin thickening [19,24–29] . 

everal numerical studies aim to quantify the effect of precipitates 

n twin growth by simulating the following two different config- 

rations: (i) twin boundary interaction with the precipitates, and 

ii) twin tip interaction with the precipitates. For example, using 

he phase field model, Liu et al. simulated the migration of ten- 

ile twin boundaries in the presence of precipitates [30] . In their 

imulations, a perfect twin boundary that is not pinned by any 

bstacles starts to migrate uniformly under macroscopic loading 

nd gets pinned locally by the precipitates. In order to continue 

he migration of twin boundaries, additional macroscopic loading 

s needed to de-pin it from the precipitates. Using these simula- 

ions, the authors have reported an effective critical resolved shear 

tress (CRSS) for twin growth in the precipitate-hardened mate- 

ial, which is significantly higher than in precipitate-free materials 

nd increases linearly with the precipitate volume fraction. On the 

ther hand, using crystal plasticity modeling, Siska et al. studied 

he interaction of a twin tip with the precipitates and its influence 

n twin thickening [22] . The authors found that the interaction of 

 twin with the hard precipitates alters the CRSS for slip activity, 

nd so increases the CRSS for twin growth. 

Evidently, the interactions between propagating twins and pre- 

ipitates are complex, making it difficult to predict how twins may 

evelop in the presence of arrays of precipitates. Clarifying how 

wins interact with precipitates and eventually bypass them or en- 

ulf them is desired in the design of precipitate-strengthened mi- 

rostructures in Mg alloys, such as AZ91. To the best of our knowl- 

dge, none of the existing literature rationalize the experimentally 

bserved large twin domains by investigating the growth of twins 

rrested by arrays of precipitates in AZ91 alloy. 

In this work, the interactions between Mg 17 Al 12 plate-shaped 

asal precipitates and { 10 ̄1 2 } tensile twins at different stages 

f twin development in AZ91 are studied. Specifically, the 

rowth of a twin that is blocked by precipitates is studied. An 

lasto-viscoplastic fast Fourier transform (EVP-FFT) model with a 

islocation-density (DD) based hardening law is employed to cal- 

ulate the spatial distribution of internal micromechanical fields 

nd dislocation densities corresponding to each interaction. The re- 

ults indicate that twins interacting with precipitates grow asym- 

etrically, with one twin boundary remaining relatively parallel to 

ts crystallographic twinning plane and the other forming a ser- 

ated structure that deviates from its crystallographic plane. We 

iscuss how these findings can explain the twin morphologies near 

recipitates observed in transmission electron microscopy (TEM) 

bservations of deformed AZ91 [31,32] . Last, we propose a two- 

tep mechanism for the growth of an early-stage thin twin that is 

nabled by interactions between sequentially formed twins and a 

recipitate. 

. Numerical method 

.1. EVP-FFT model 

We employ a crystal-plasticity-based elasto-viscoplastic fast- 

ourier-transform (EVP-FFT) model that was originally developed 

y Lebensohn et al. [33] and later advanced by Kumar et al. [34] for

xplicit twins. A similar modeling framework was recently used to 

tudy pathways taken by twins after the initial interaction with a 
2 
recipitate [23,35] . Here, hardening via dislocation density evolu- 

ion in the HCP slip families is included. Both the EVP-FFT formu- 

ation and dislocation density law are briefly reviewed below. 

In EVP-FFT, the initial microstructure is represented by a peri- 

dic unit cell, discretized into regularly spaced voxels whose center 

oint is located at x . The Cauchy stress tensor field, σ (x ) , at a time

 + �t is described by a time discretized generalized Hooke’s law: 

t+�t ( x ) = C ( x ) : ε e,t+�t ( x ) (1) 

here C(x ) is the elastic stiffness tensor, and ε e (x ) is the elas-
ic strain tensor. Under a small strain approximation, ε e (x ) is the 
ifference between the total strain tensor, ε(x ) and the inelastic 

train tensor. The inelastic strain is given by the sum of the plastic 

train due slip, ε p (x ) , and the homogeneous twinning shear trans- 

ormation strain in the twin domain, ε tw (x ) , i.e., 

 
e,t+�t ( x ) = ε t+�t ( x ) − ε p,t ( x ) − ˙ ε p,t+�t ( x ) �t 

− ε tw,t ( x ) − �ε tw ( x ) (2) 

The ˙ ε p (x ) is constitutively related to the stress at each material 

oint through a sum over the N active slip systems: 

˙  p ( x ) = 

N ∑ 

s =1 

m 
s ( x ) ̇ γ s ( x ) 

= ˙ γ0 

N ∑ 

s =1 

m 
s ( x ) 

( | m 
s ( x ) : σ ( x ) | 
τ s 
c ( x ) 

)n 

sgn ( m 
s ( x ) : σ ( x ) ) (3) 

In the above, the Schmid tensor, m 
s , is the symmetric part of 

 b s � n s ) , where b s and n s are the unit vectors along the slip di- 

ection and the slip plane normal, respectively, of slip system s . 

he slip resistance τ s 
c (x ) is the current critical resolved shear stress 

eeded to activate slip system s . The rate ˙ γo is a normalization 

actor and n is the stress exponent. In the twin domain, the to- 

al plastic strain due to twinning is equal to the product of the 

haracteristic twin shear and its volume [36] . For convergence, it 

s necessary to apply the twinning strain increment, �ε tw , on the 
win plane in the twinning shear direction with sufficiently fine 

ncrements (i.e., 20 0 0 steps in this case). Tensors ε tw and �ε tw 

utside of the twin domain are zero. 

.2. Slip strength hardening law 

The evolution of τ s 
c of every slip system, s , is calculated based 

n a dislocation density (DD) based hardening law [37] . Each slip 

ystem has its own relationship to strain rate and temperature. 

The τ s 
c is comprised of a sum of multiple factors given by: 

s 
c = τ s 

0 + τ s 
debris + τ s 

f orest (4) 

here τ s 
0 
represents the initial slip resistance, or Peierls stress, of 

lip system s . This resistance τ s 
0 
is dependent on the temperature, 

nitial dislocation density, and intrinsic material properties. In this 

ork, it is assumed to be a scalar quantity and scales with tem- 

erature as: 

s 
0 = B exp 

(
−T 

C 

)
(5) 

Here, T is the temperature (in K), and B and C are the material 

arameters. The resistance τ s 
debris 

is associated with the resistance 

o slip provided by arrays sessile dislocation substructures and is 

iven by: 

s 
debris = K μb s 

√ 

ρdebris log 
1 

b s 
√ 

ρdebris 
(6) 

here K is a material-independent constant and is assumed to be 

.086 [37–39] . μ is the temperature-dependent shear modulus, b s 
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s the Burgers vector, and ρdebris is the total debris dislocation den- 

ity. The generation of ρdebris is equal to the sum of debris con- 

ributed by each slip system and is written as: 

 ρdebris = q 
∑ 

s 

f s 
∂ρs 

rem 

∂ γ α
d γ s (7) 

here q is set equal to 4 and defines the rate coefficient for how 

ebris grow from point defects. The density ρs 
rem 

is the popula- 

ion of dislocations from each slip system that contribute to the 

ormation of debris and f s is a term that describes the dislocation- 

islocation interactions that lead to debris formation and can be 

ritten as: 

f s = A s b s 
√ 

ρdebris (8) 

In the above, A s is a term that relates the temperature depen- 

ency of dislocation interactions. Finally, τ s 
f orest 

represents the re- 

istance to slip due to a random arrangement of forest dislocations 

40,41] and is related to the square root of the dislocation den- 

ity, ρs , of slip system s via Taylor’s law, i.e., 

s 
f orest = χμb s 

√ ∑ 

s ′ 
h ss ′ ρs ′ (9) 

In the above, χ is the dislocation interaction coefficient and is 

et to 0.9. h ss 
′ 
is a latent hardening matrix for the interactions be- 

ween dislocations from different slip modes. The stored forest dis- 

ocation densities evolve via a competition between a dislocation 

eneration term, k s 
1 
, that describes the storage of dislocations by 

tatistical trapping of gliding dislocations by forest dislocations and 

 thermally controlled annihilation term, k s 
2 
, for dynamic recovery 

f stored dislocations [42–44] : 

∂ ρs 

∂ γ s 
= k s 1 

√ 

ρs − k s 2 ( ̇ ε , T ) ρ
s (10) 

The annihilation term, k s 
2 
is given by [37] : 

k s 2 
k s 
1 

= 

χb s 

g s 

(
1 − kT 

D 
s b 3 

ln 
˙ ε 

˙ ε 0 

)
(11) 

here k , ˙ ε , ˙ ε 0 , D 
s , and g s is the Boltzmann’s constant, strain rate 

t each voxel, reference strain rate (set to be 10 7 1/s), drag stress, 

nd normalized activation energy of slip system s . 

.3. Characterization of AZ91 alloy slip strength hardening model 

arameters 

Before performing the explicit twin-precipitate interaction sim- 

lations within an individual crystal, we need to determine the 

D-based hardening model parameters of the dominant slip modes 

n precipitate strengthened AZ91. Experimental uniaxial tensile 

tress-strain curves at 293 K and 463 K for a strain rate of 1 ×
0 −4 1/s of this alloy from Dini et al. [45] are used to aid parame-

er estimation. The model finds a single set of material DD param- 

ters that will enable the DD-EVP-FFT simulations of a polycrystal 

f the same alloy to achieve agreement with all measured curves. 

ig. 1 a shows the simulation cell of the polycrystalline microstruc- 

ure. It is discretized into 6 4 × 6 4 × 6 4 voxels and consists of

28 equiaxed grains with a uniform distribution of crystallographic 

rientations and approximately 7.5% volume fraction of Mg 17 Al 12 
recipitates, colored in black [45] . Accordingly, every grain is rep- 

esented by approximately 2048 voxels. The Mg 17 Al 12 precipitates 

ave a body-centered cubic (bcc) crystal structure and share a Pot- 

er orientation relationship with the parent grain that it resides in, 

escribed by ( 0 0 01 ) HCP 2 ° from (011) BCC , [ 2 11 0 ] HCP // [ 1 ̄1 1 ] BCC , and

 01 ̄1 1 ) HCP //(110) BCC [8,9,17] . 

Over the deformation period, the Mg 17 Al 12 precipitates remain 

lastic, while the AZ91 matrix deforms elastically and plastically. 
3 
he cubic elastic constants C 11 , C 12 , and C 44 of the Mg 17 Al 12 pre-

ipitates at different tem peratures are not available, and thus, val- 

es calculated from Density Functional Theory (DFT) were used 

orresponding to 86.8, 29.0, and 20.0 GPa, respectively, for both 

emperatures [46] . The five elastic coefficients C 11 , C 12, C 13, C 33, C 44 
f AZ91 were approximated by the coefficients of pure Mg at 293 K 

nd 463 K with values of 59.0, 25.5, 21.5, 61.0, 16.7 and 57.0, 25.4, 

1.1, 58.0, 15.0 GPa, respectively [47] . The shear modulus, μ, used 

n Eqs. (6) and (9) , for AZ91 at 293 K and 463 K were set to equal

o C 44 , which is 16.7 and 15.0 GPa, respectively [48] . For plastic slip

n the AZ91 matrix, three slip modes were made available: pris- 

atic 〈 a 〉 , basal 〈 a 〉 and pyramidal-I 〈 c + a 〉 slip. Twinning defor-

ation was not taken into account in the parameterization since 

ts contribution was reported to be negligible in deformation [49] . 

he simulation begins with the initial values of the slip resistance 

or prismatic, basal, and pyramidal-I 〈 c + a 〉 slip modes for AZ91 

rom Bhattacharyya et al. [10] . with self and latent hardening set 

o be 0.15 [50] . 

Fig. 1 b compares the calculated stress-strain response (red solid 

ines) to the experimentally measured curves (symbols). The corre- 

ponding constitutive law parameters for all three slip modes are 

isted in Table 1 . These parameters are characterized for the matrix 

aterial in AZ91 outside of the precipitates and therefore are inde- 

endent of precipitate size or distribution. The model operates on 

he mesoscale length scale and does not account for the individ- 

al interactions of single dislocations with precipitates. It is possi- 

le for an additional term, τ s 
precipitate 

, to be included in Eq. (4) to 

henomenologically capture the effects of the precipitate, since, in 

eality, the precipitate spacing can affect the flow stress of disloca- 

ions and twins. Here, the effect of the precipitates are accounted 

or by explicitly distributing the precipitates throughout the mi- 

rostructure to closely replicate the microstructures commonly re- 

orted in experiments [31,32,45] . Thus, the simulated results may 

e to closely tied to the size, shape, distribution, volume fraction 

nd type of precipitate. For validation, we also compare the evolu- 

ion of the total (gray), prismatic (red), basal (blue) and pyramidal- 

 (green) dislocation densities with respect to applied strain at 

93 K and 463 K in Fig. 1 c and d, respectively, with the measured

ensities (designated by a square marker) by Dini et al. [49] . No- 

ably, the predicted densities fall within the reasonable agreement 

f experimentally measured values at both temperatures. 

. Model set-up for twin/precipitate interactions 

In the calculations that remain, we consider twin/precipitate in- 

eractions within crystals. The reorientation and shear of a finite 

win lamella are represented explicitly through the reorientation 

f a predefined twin domain and the incremental development of 

he characteristic twinning shear homogeneously within the twin 

omain [34] . For the { 10 ̄1 2 } tensile twin, the voxels within the 

omain are reoriented 86.3 ° about 〈 ̄1 2 ̄1 0 〉 and uniformly sheared 

y the characteristic twinning shear of 12.9%. The precipitates are 

lso predefined domains with crystallographic and material prop- 

rties of the commonly observed Mg 17 Al 12 plate-shaped precipi- 

ates that lie on the basal plane of the parent matrix. Fig. 2 de-

icts the simulation setup with two precipitates of the same size: 

recipitate-1 and precipitate-2 in orange and red, respectively. The 

wins and precipitates are embedded in an AZ91 matrix (light 

lue). The crystallographic orientation in the Bunge convention of 

he parent grain is chosen to be (0 °, 88.16 °, 0 °), and it is illus-
rated by the hexagonal inset in Fig. 2 . Following the frequently ob- 

erved Potter orientation relationship [8,9,17] , the crystallographic 

rientation of the precipitates is assigned to be (39.23 °, 114 °, 
3.43 °). Other orientation relationships and variations in orienta- 
ion may exist between the matrix and precipitates and can be 

asily accounted for in the model. In the present work, the most 
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Fig. 1. a) Visualization of the polycrystalline AZ91 simulation cell used to obtain the DD constitutive law parameters. The unit cell consists of 128 equiaxed grains with 

a 7.5% volume fraction of Mg 17 Al 12 precipitates, shown in black. b) Comparison of the predicted uniaxial tensile stress-strain response (in red) to experimentally obtained 

curves (in black) from Dini et al. [45] at 293 and 463 K. In the model calculations, a strain rate of 1 × 10 −4 1/s is imposed in the x-direction. Comparison at c) 293 K and d) 

463 K of the predicted total (gray), prismatic (red), basal (blue), and pyramidal-I (green) dislocation densities by the EVP-FFT model with those measured (square marker) 

by Dini et al. [49] . 

Table 1 

Dislocation density-based constitutive model parameters that are found by fitting to the ex- 

perimentally obtained stress-strain response of AZ91 alloy under uniaxial tension at 293 K and 

463 K. 

α = 1 

Prismatic 〈 a 〉 
α = 2 

Basal 〈 a 〉 
α = 3 

Pyramidal I 〈 c + a 〉 
τα
0 [MPa] 100 35 160 

b α [m] 3.231e-10 3.231e-10 6.0771e-10 

˙ ε 0 [1/s] 1 . 0e + 07 1 . 0e + 07 1 . 0e + 07 

ρ0 [1/m 
2] 

ρdebris [1/m 
2 ] 

1.50e + 12 

1.0e-01 

1.50e + 12 

1.0e-01 

1.50e + 12 

1.0e-01 

A α293 K 20 0 0 

A α463 K 0 10 0 

k α1 [1/m] 9.0e + 09 3.5e + 09 1.0e + 07 

g α 5.0e-03 5.0e-03 1.0e-03 

D α [MPa] 5.0e + 03 5.0e + 03 9.0e + 03 
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ommonly observed orientation relationship was considered for 

implicity. 

The simulation cell size is discretized into 3 × 550 × 550 vox- 

ls. During the early stages of propagation, twins can assume a 

amellar shape and may eventually thicken to an elliptical shape 

nder further loading after the twin tips have become arrested 

51–53] . The present work aims to study precipitate-twin interac- 

ions during the propagation stages of twinning, before significant 

win thickening has occurred. The twin thickness, t, and precipi- 

ate width in the Y-direction are both four voxels, appropriate for 

epresenting thin, newly propagating twins. In experiments, the as- 

ect ratio of precipitates can be seen to vary between 1 −100 [32] .

hus, the precipitate length in the Z-direction is taken as 40 voxels 

hat corresponds to the aspect ratio of ten. The twin-tip/precipitate 

nteractions depicted in Fig. 2 is often seen in experimental obser- 

ations [32] . Furthermore, the precipitate length was chosen in or- 
4 
er to keep the twin impingement site far away from the edges 

ince these events make up a majority of twin-precipitate interac- 

ions. Edge impingement can also occur in either the Z-direction 

r the X-direction; however, it is less likely to occur due to the 

elatively large surface area of the plate-shaped precipitates. In the 

vent that edge impingement does occur, the resulting stress states 

re more complex [23] . In this case, the propagating twin may 

ot be effectively arrested by the precipitates and, as a result, the 

win growth mechanism is distinct from the what is reported in 

his work. Seven different precipitate spacings, d, were considered, 

anging from 4 to 200 voxels, representative of what is commonly 

bserved in deformed AZ91 [32] . 

The parent matrix is surrounded by a buffer layer (dark blue) 

f 50 voxels thick in the Y and Z directions, with uniformly dis- 

ributed crystallographic orientations. This buffer layer approxi- 

ates the response of a polycrystalline medium and shields the 
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Fig. 2. Simulation setup consisting of a single crystal AZ91 (light blue) surrounded by a polycrystalline buffer layer (dark blue). Within the parent grain, twin-1 impinges 

upon precipitate-1, causing twin-2 to form between precipitate-1 and precipitate-2. The crystallographic orientation of the parent grain is represented by the hexagonal inset 

in the top right. A zoomed-in region around the precipitates is outlined by black dashed lines for closer inspection. 
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d

arent matrix from overlapping fields due to the periodic bound- 

ry conditions. There is no buffer layer in the X-direction. The sim- 

lation uses periodic boundary conditions, which causes the mi- 

rostructure to adopt a columnar microstructure. This microstruc- 

ural simplification is appropriate to use when studying the in- 

eractions of twins with thicknesses that are much smaller than 

he dimensions of the precipitates in the X and Z-direction, such 

s twins during the early stages of propagation being studied 

ere. Furthermore, the crystallography of the twin, with its twin 

lane normal and twin shear direction in-plane, permits study of 

 columnar structure, as shown in Fig. 2 since any gradients in the 

ut-of-plane direction will be negligible. 

We adopt a simplification of the intricate microstructures found 

ithin twin and precipitate-hardened AZ91 alloy. The real mi- 

rostructure may contain many twins and precipitate with geome- 

ries that are more complex than those represented here. Consider- 

tion of other types of precipitates and significantly different dis- 

ributions of precipitates would involve recalibrating the model. 

owever, the idealized model scenario permits the isolation of the 

nteractions between two sequentially formed twins without the 

dditional complications from other precipitates and twins. The 

odel setup describes situations that may occur just as a twin has 

nished propagating in the twinning shear direction and has been 

rrested at a precipitate. Previously, such calculations have shown 

hat depending on the precipitate-1 thickness with respect to the 

win-1 thickness, a second twin, twin-2, may form on the other 

ide of precipitate-1 and may eventually become arrested by an- 

ther precipitate, say, precipitate-2 [23] . When faced with an array 

f precipitates, twins may continue to successively impinge on one 

ide of each precipitate and reform on the other side in order to 

ontinue propagating. However, it is often observed that twins can 

lso thicken and eventually engulf precipitates as they propagate 

hrough an array of precipitates. The influence of precipitates and 

recipitate spacing on twin thickening after impingements have 

et to be investigated. The calculations that follow aim to identify 
5 
he likely growth mechanisms of twin-1 and twin-2 and the role 

f the inter-precipitate spacing that stands in their way. 

. Results and discussion 

.1. Effects of precipitates on localized plasticity in twin-free crystals 

Uniaxial compression strain is applied in fine strain incre- 

ents to a twin-free, precipitate-containing crystal in the 〈 a 〉 -axis- 
irection of the parent grain. To determine the path taken by a 

win approaching the precipitates, the twin plane resolved shear 

tress (TRSS), a relevant driving stress component for twin forma- 

ion or twin boundary propagation, is examined. An initial 4% com- 

ressive strain is applied, comparable to the strains experienced in 

recipitate-hardened AZ91 in the work by Xie et al. [32] , where 

any newly propagated twins can be seen interacting with precip- 

tates. A TRSS of approximately 30 MPa is produced in the parent 

atrix, appropriate for the formation of tensile twins [54–56] . The 

tresses are inhomogeneous and result from the mismatch in elas- 

ic and plastic properties between the elastically hard precipitates 

nd elasto-visco-plastically deforming AZ91 matrix [34,57] . Plastic 

eformation is seen to concentrate in the matrix around the hard 

cc precipitates, regardless of precipitate spacing. Fig. 3 shows the 

istribution of the average slip resistance values after the initial 

% compression for each slip mode in the parent matrix in a small 

egion around the precipitates outlined by dashed lines in Fig. 2 . 

or all three slip modes, the slip resistance increases or hardens 

he most along the short sides of the precipitates and the least 

long the long sides of the precipitates. Basal slip experiences the 

ost significant hardening. The lowest slip resistances values were 

.9 times greater than its initial CRSS (44.8 MPa). Larger resistance 

o plastic deformation around the precipitates can result in higher 

tresses and stress concentrations in the parent grain with the ad- 

ition of approaching deformation twins. 
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Fig. 3. Average CRSS values of prismatic, basal, and pyramidal-I slip modes around the precipitate after an initial 4% strain in the X-direction (out-of-plane) parallel to the 

〈 a 〉 -axis of the parent matrix, demonstrating significant local hardening around the precipitates. 

Fig. 4. TRSS distributions around precipitates: a) After an initial 4% compression in the 〈 a 〉 -axis of the parent matrix. Positive TRSS develop along the long sides of the 

precipitate, supporting the development of twins, while negative TRSS arise along the short sides of the precipitates, resisting twinning. b) After the formation of twin-1, 

a localized stress concentration developed in ω opp , suggesting the likely formation of twin-2 in this region. Strong backstresses arise around twin-1, resulting in negative 

TRSS around twin-1, indicating that growth is difficult. c) After the formation of twin-2, TRSS is augmented in ω obt , showing that twin-2 can aid in the growth of twin-1 by 

increasing the driving stresses for twin boundary migration near the precipitate that they co-impinge upon. 
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Fig. 4 a shows the TRSS field of the twin-free, precipitate- 

ontaining crystal at 4% compression strain. Along the short sides 

f the precipitates, the TRSS is approximately −81 MPa and re- 

ists twinning. The TRSS values along the long sides of the pre- 

ipitate/matrix interface, however, are positive and enhanced. The 

eak TRSS lies at the center, reaching up to 32 MPa, more than 

hree times higher than the surrounding matrix ( ∼ 9 MPa). The 

ositive twin stresses can aid twin development, whether nucle- 

tion of a new twin from the interface or the growth of twin that 

ropagates into the vicinity of the precipitate. The former situation 

ould support the experimentally observed increase in the twin- 

ing density with the precipitates [21,26] , and although important, 

e focus this study on the latter situation. If an incoming twin im- 

inges the short ends of the precipitates, its stress field will inter- 

ct with an anti-twinning contribution from the precipitate, pos- 

ibly resisting the propagation of the twin. In contrast, it would 

ncounter less resistance should it impinge the center of the long 

ide of the precipitate. 

.2. Stress fields around precipitates and twins 

To study the stress fields corresponding to precipitate/twin in- 

eractions, deformation twins are introduced to the crystal contain- 

ng precipitates under a fixed macroscopic loading. We first con- 
6

ider the case that twin-1 propagates up to precipitate at its center, 

hile under 4% compressive strain. Twin-1 is much finer in thick- 

ess than the precipitate length, l, in the Z-direction. Fig. 4 b shows 

he calculated TRSS field resulting from this interaction. Fig. 4 b 

hows the calculated TRSS field resulting from this interaction. We 

ote that the TRSS fields are qualitatively similar to the fields cal- 

ulated and reported in [23] without pre-straining. A TRSS concen- 

ration forms on the opposite side of the precipitate, in the region 

 opp , reaching up to 155 MPa, about five times greater than that 

rom the initial macroscopic loading alone ( ∼ 32 MPa). A new twin 

f the same variant could, therefore, form in ω opp . To determine 

ow this new twin could expand while twin-1 remains arrested, 

ig. 5 c and d present the TRSS field in between the two adjacent 

recipitates along two lines in the vicinity of where this new twin 

ould be. Near ω opp , corresponding to the left side of Fig. 5 c, and

, the TRSS is greatly enhanced from ∼32 MPa before twin-1 im- 

ingement (gray points) to values between 135 and 150 MPa after 

win-1 impingement (red points). The five-fold increase in driving 

orce supports forming a second twin-2 of the same variant as the 

rst. 

Fig. 5 a and b closely examine the calculated TRSS profiles in the 

arent matrix along the upper and lower twin boundaries of twin- 

, which are relevant for twin boundary migration during the twin 

rowth stage. Along the entire upper and lower boundary of twin- 
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Fig. 5. Predicted TRSS along the a) upper and b) lower twin boundary of twin-1 and the c) upper and d) lower twin boundary of twin-2. The figure inset schematically 

illustrates the twin-1 and twin-2 boundaries. Gray markers represent the TRSS along the twin boundaries after an initial 4% compression in the 〈 a 〉 -direction, i.e., before 
twinning. Red and blue markers correspond to the TRSS after forming twin-1 and twin-2, respectively, for the same macroscopic loading. 
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, the TRSS is negative, indicating resistance against twin bound- 

ry migration and the need for more applied deformation for twin 

rowth. Here, we classify the decrease in TRSS stresses resulting 

rom the reaction of hard, elastic precipitate to the twin shear as 

ackstresses [57] . The largest backstresses are experienced near the 

recipitate, corresponding to the right side of Fig. 5 a and b. Since 

he backstresses are much less at the upper twin-1 boundary than 

he lower twin-1 boundary at the twin/precipitate junction site, it 

s anticipated that twin-1 would expand asymmetrically, initiating 

rom the upper boundary first. 

Based on the foregoing observations, calculations are performed 

or the situation in Fig. 2 , in which twin-2 is formed where the

eak TRSS had developed and extended between precipitate-1 and 

recipitate-2 and made with equal thickness as twin-1. In the sim- 

lation, this process occurred under the same macroscopic loading 

fter the formation of twin-1. Reminiscent of twin-1, the leading 

ip of twin-2 causes a rise in TRSS of up to ∼ 155 MPa on the

pposite side of precipitate-2, seen in Fig. 4 c. Severe backstresses 

esult in intensely negative TRSS in the vicinity of twin-2 bound- 

ries. Specifically, along the twin-2 boundaries, the magnitude of 

he TRSS is nearly −160 MPa where twin-2 impinges upon both 

recipitate-1 and precipitate-2 at an acute angle, that is, on the 

eft of the upper boundary and right of the lower boundary, see 

lue profiles in Fig. 5 c and d. The lower twin-2 boundary near 

recipitate-1 develops slightly higher TRSS due to its closer align- 

ent with the peak TRSS concentration generated by twin-1 [23] . 

t is reduced to −100 MPa near the center of the twin. At the 

ame time, the backstresses along the boundaries of twin-1 are re- 

ieved by the formation of twin-2, shown by the blue markers in 

ig. 5 a and b. The TRSS in the upper and lower twin boundaries of

win-1 near precipitate-1 increase by as much as 100 MPa. The up- 
7 
er boundary of twin-1 experiences a greater relief than the lower 

oundary, reaching up to 150 MPa in ω obt , see Fig. 4 c, much greater 

han the ∼ 32 MPa that existed after the initial straining. 

The augmented TRSS fields from twin-2 on twin-1 suggest a 

wo-step mechanism for the growth of twins that are interacting 

ith precipitates. First, twin-1 must propagate and impinge upon a 

recipitate, triggering the nucleation and propagation of twin-2 on 

he other side of the precipitate. Secondly, twin-2 encourages the 

rowth of twin-1 along the upper boundary near the precipitate 

hat they co-impinge upon. With the formation of twin-2, little to 

o additional applied stresses would be needed for the growth of 

win-1. The mutual aid between twin-1 and twin-2 allows for the 

igration of twin-1 boundary around precipitate-1. This result is 

imilar to the observation reported in Kumar et al. [58] , where the 

ffect of twin-twin interactions across the shared grain boundary 

ostered their mutual growth. 

.3. Effect of precipitate spacing 

Thus far, the precipitate spacing d has been fixed. The effects of 

 on twin-1 growth are investigated next. Fig. 6 shows the evo- 

ution of the TRSS along the twin-1 boundaries after each step 

n the interaction process: 1) the initial 4% 〈 a 〉 - axis compression

gray), 2) the formation of twin-1 (red) only, and 3) the formation 

f twin-1 and then twin-2 (blue). In all cases, twin-2 extends from 

he first precipitate to the second and has length d . The average 

RSS in the two regions shown in Fig. 6 a are studied: at the twin-

ip/precipitate junction (solid lines) and in the center of the twin 

amellae (dashed lines). Each region is equal to the twin thickness. 

n the second step, when the twin first interacts with the precipi- 

ate, the TRSS fields around twin-1 under external load are insensi- 
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Fig. 6. a) An enlarged view of the simulated twin-precipitate interaction region. The fields along the upper and lower boundaries of twin-1 near the center of twin-1 and 

near the precipitate-1 interaction site are outlined by black boxes to be considered for further detailed analysis. The variation in average TRSS taken along the (b) upper and 

(c) lower twin boundary of twin-1 near the center and the impingement site as a function of precipitate spacings, d, normalized by the twin thickness, t. The average TRSS 

values after an initial 4% compression (prior to the formation of twin-1), after the formation of twin-1 (prior to the formation of twin-2), and after the formation of twin-2 

are shown in gray, red, and blue lines, respectively. Solid and dashed lines represent the averages taken near the impingement site and center of the twin-1, respectively. 
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ive to the spacing d . It appears that the heterogeneous stress fields 

round precipitate-2 are too far away to influence the TRSS fields 

t twin-1, even for the closest spacing of d/t = 1. Fig. 6 b shows

hat for all d/t ranging from 1 to 50, the average TRSS along the 

pper boundary reduced from ∼ + 20 MPa (gray dashed lines) to 

−20 MPa in the center (red dashed lines) and from ∼ + 30 MPa 

gray solid lines) to ∼ −50 MPa at the twin tip (red solid lines) 

fter twin-1 impinges on precipitate-1. In Fig. 6 c, for the lower 

oundary of twin-1, we observe a reduction in TRSS to ∼ −20 in 

ts center and to ∼ −130 MPa at its tip. Thus, we find that migra-

ion of the lower boundary near the twin tip is more limited than 

hat of the upper boundary. 

The spacing d has an important influence on the stress field 

nce twin-2 has formed and extended to precipitate-2. For tight 

recipitate spacings, d = 1 t to 5 t , the average TRSS along the top

oundary of twin-1 increases rapidly from ∼ −20 to 62 MPa near 

he tip (solid blue lines) and modestly from ∼ −20 to −7 MPa 

ear the center (dashed blue lines) of twin-1, seen in Fig. 6 b. The

arger d , the greater the enhancement by twin-2 on twin-1, with 

he largest effect near the tip. For d > 5t , the enhancement satu- 

ates with TRSS values reaching up to ∼ + 80 and −2 MPa at the 

ip and central regions, respectively. Similar trends are observed 

long the lower boundary of twin-1, however, the TRSS values re- 
8

ain negative and less favorable for twin boundary migration. As 

hown in Fig. 5 , for all d/t cases, both upper and lower boundaries

f twin-2 remain resistant to twin boundary migration and con- 

equently are not shown here. Although the subsequently formed 

win-2 may not thicken, it can support the migration of the up- 

er boundary of twin-1 when d is large, enabling twin-1 to grow 

round the precipitate. Without twin-2, the ability of a twin-1 to 

hicken independently and bypass the precipitate is unlikely due to 

he large backstresses that develop when the twin becomes con- 

trained at both tips. 

To sum, larger precipitate spacings further enable twin growth. 

owever, a saturation limit exists for d ≥ 5 t , beyond which signif- 

cant enhancement of twin growth is not expected. The likely re- 

ion for the initiation of twin growth is shifted from the center of 

he twin to the twin tip near the upper twin-precipitate junction. 

n principle, this boundary migration mechanism for circumventing 

recipitates can continue with each new precipitate encounter. Af- 

er twin-2 impinges precipitate-2, another twin, twin-3, can form 

n the opposite side of precipitate-2, resulting in the relief of the 

ackstresses on twin-2 and helping it to grow. Several assumptions 

ave been made in this study, including the amount of external 

oad prior to twinning and relative thickness of the twin to the 

recipitate, which may alter the calculated twin stresses. However, 
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Fig. 7. The total prismatic, basal, and pyramidal-I dislocation densities that arise after each stage of the simulation (pre-twin straining, formation of twin-1, and formation 

of twin-2). The twin boundaries are outlined by black dashed lines, and precipitates are covered by black boxes. 

i

n

t

p

s

u

C

s

4

d

t

a

s

a

i

t

e

g

P

i

t

p

a  

d

e  

d

o

r

g

d

d

c

a

s

fl

i

i

d

e

b

i

t

o

a

h

T

d

�

t is found that even without any external load and for twin thick- 

ess twice are large that considered here, the results are qualita- 

ively similar, yielding saturation limit at d ≥ 5 t These results are 

resented in the Appendix. Other assumptions made within this 

tudy involve the relative precipitate size, shape, distribution, vol- 

me fraction and types of precipitates considered in this study. 

hanges to these factors may potentially influence the calculated 

tress fields. 

.4. Effect of precipitate spacing on dislocation densities 

In the following section, we analyze and present the model pre- 

icted dislocation density evolution near the precipitate-twin in- 

eraction site. The strain fields calculated in the simulations are 

ssociated with slip activity. Fig. 7 depicts the dislocation den- 

ity fields that arise during the different stages of the simulation: 

fter the pre-twin strain, after forming twin-1, and after form- 

ng twin-2. In Fig. 7 , the precipitates are colored in black. Af- 

er pre-twin straining, a heterogeneous distribution of dislocations 

merges around the precipitates, with dislocation densities much 

reater than the initial value of 1 . 5 × 10 12 m 
−2 for all slip modes. 

rismatic activity in the parent matrix was the greatest, resulting 

n densities that grew by two orders of magnitude. Greater densi- 

ies of prismatic dislocations developed near the short edges of the 

recipitates than compared to the long edges of the precipitates, 

s seen in Fig. 7 a. The opposite trends are seen for the pyramidal

islocation densities, resulting in more dislocations along the long 

dges of the precipitates than the short edges, seen in Fig. 7 c. The
9 
evelopment of basal dislocations was concentrated at the corners 

f the precipitates. 

After forming twin-1, prismatic dislocation densities remained 

elatively constant, and additional pyramidal dislocations were 

enerated only in the twin near the impinging twin tip. The basal 

islocation field experiences the greatest change, with increased 

ensities all along the precipitate/matrix boundary and large con- 

entrations of dislocation appearing inside the impinging twin tip 

nd in ω obt . After twin-2 forms, again, prismatic dislocation den- 

ities do not change. Evidently, twinning does not significantly in- 

uence prismatic slip activity. Pyramidal dislocations were primar- 

ly generated at the twin tips of twin-2 and twin-1 tip that co- 

mpinges on precipitate-1. The formation of twin-2 caused basal 

islocations densities to increase significantly inside and around 

ach tip of twin-2. Furthermore, additional basal dislocations can 

e observed in the twin-1 tip that co-impinges the precipitate and, 

n the region ω obt . 

Next, a closer inspection of the regions near the center of the 

win-1 and near the twin-1 and precipitate-1 interaction site, as 

utlined in black boxes in Fig. 6 a, is presented. For the following 

nalysis, only the upper boundary of twin-1 is considered since it 

as favorable stresses to support its migration, as seen in Fig. 6 . 

he increase in average dislocation density for each slip mode, i , 

ue to the formation of twin-2 is calculated as, 

�i = 

1 

N i 

N i ∑ 

s =1 

(
ρa f ter twin −2 
s − ρbe fore twin −2 

s 

)
(12) 
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Fig. 8. Increase in total stored dislocation density due to the formation of twin-2 at the tip of twin-1 near precipitate-1 and center of twin-1 boundary (see Figure 6(a)) for 

(a) prismatic, (b) basal, and (c) pyramidal-I slip modes. Please note, the horizontal axis is plotted on a log scale. 

Fig. 9. a) Schematic representation of three successive twins and the migration of their twin boundaries. b) TEM micrograph showing serrated structures, pointed out by 

white arrows, and twins that have grown preferentially along a single twin boundary while the other boundary remains relatively flat, highlighted by dashed white lines. 

Micrographs adopted with permissions from Elsevier, Leu-et al. [23] . 
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here ρs is the dislocation density of slip system, s , in the region 

ither near the twin center or impingement site. N i is the number 

f slip systems in each mode: prismatic, basal, or pyramidal-I. 

Fig. 8 shows the change in the total average stored dislocation 

ensities per slip family, ��prismatic , ��basal , and ��pyramidal −I , 

hat accrues due to the formation of twin-2 for d between 1t to 50t 

he results show that twin-2 does not generate additional disloca- 

ion densities of any kind near the center of the twin-1, indicated 

y hollow box symbols in Fig. 8 . However, near the twin-1 tip, 

he total stored basal dislocation density increases by ∼ 6 × 10 12 

or even the smallest precipitate spacing considered, d = 1 t , and 

ncreases up to ∼ 7 . 2 × 10 12 for d = 50 t , shown by solid mark- 

rs in Fig. 8 b. The total stored pyramidal I dislocations also in- 

reased with the formation of twin-2, however, to a much lesser 

egree. The increase in total stored pyramidal-type I dislocation 

ensities ranges from ∼ 0 . 9 × 10 10 to 2 . 7 × 10 10 for the corre- 

ponding d ranges from 1 t to 50 t , seen in Figure 8c. Pyramidal

 c + a 〉 -type I densities steadily increased with increasing d . The

evelopment of twin-2 is observed to increase the local concen- 
10 
ration of defects in ω obt . Overall, the interaction between twin-2 

nd precipitate-1 increases the favorable driving stresses for twin-1 

rowth (shown in Fig. 6 ) and increases dislocation structures in the 

egion ω obt . 

.5. Two-step twin growth mechanism 

It is generally thought that twin growth in precipitate hardened 

g-alloys is difficult because the elastically hard precipitates can 

in migrating twin boundaries. This notion mostly does not ac- 

ount the effect of precipitates on twin front propagation. Instead, 

ost of these studies directly start with a fully propagated twin 

nd the migration of the twin boundaries through twin thicken- 

ng in the twin plane normal direction [34] . Here, a mechanism is 

dentified that allows twins to thicken around an array of precipi- 

ates, beginning with a newly propagating twin. Typically, the twin 

s thought to be arrested; however, when the approaching twin is 

f comparable thickness as the precipitate, the proposed two-step 

echanism provides an alternative path for twins to engulf precip- 
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tates, distinct from the studies that only treat twin growth as the 

ranslation of the entire twin boundary in the twin-plane-normal 

irection [28,30,50,59] . 

The analysis suggests that the two-step bypass mechanism 

ould explain the experimentally observed asymmetric twins and 

errated morphology of twin boundaries in the presence of pre- 

ipitates [32] . When twin-1 expands around the precipitate, its 

rowth is easier along one side. For all the precipitate spacings 

onsidered here, the upper boundary gains sufficient driving forces 

o migrate while the lower twin boundary does not. Twin growth 

ould initiate where twin-1 and the precipitate come together at 

n obtuse angle, leading to the formation of serrated twin bound- 

ry structures, as schematically illustrated in Fig. 9 a. Such serrated 

win boundary structures are observed in the postmortem TEM mi- 

rographs of heavily twinned AZ91 with dispersions of Mg 17 Al 12 
asal-plane precipitates, see Fig. 9 b [23] . Serrated features are ex- 

ibited by white arrows, and relatively straight twin boundaries 

re highlighted by white dashed lines, consistent with our simu- 

ations. Upon further loading, as the twin domains can continue to 

xpand and engulf the precipitates, the serrated features from the 

ocally augmented stress fields from the twin-precipitate interac- 

ions may be washed out by the driving stresses for twin expan- 

ion. The two-step twin growth mechanism described here helps 

o explain how large twin domains develop through the interac- 

ions of propagating twins and precipitates. 

There is also the possibility that a second twin of the same vari- 

nt could be independently formed, and it interacts with the same 

recipitate as the first twin but on two opposing sides of the pre- 

ipitate. If this were the case, then the site where the second twin 

nteracts the precipitate could occur anywhere along the long side 

f the precipitate. Two twins independently interacting the same 

recipitate may help to mutually relieve their backstresses if the 

ocation of their interaction sites were positioned near each other 

nd on opposite sides of the precipitate. Any misalignment of the 

wo independent twins could cause preferential growth of one of 

he twin boundaries over the other depending on how the two 

wins are offset from each other. 

. Conclusions 

An elasto-viscoplastic fast-Fourier transform (EVP-FFT) model 

as been used to calculate the micromechanical fields and disloca- 

ion content associated with the interaction of a twin lamella and a 

recipitate during the early stages of twin propagation and growth 

n presence of an array of precipitates in AZ91. Specifically, the 

rowth of a precipitate-blocked twin is investigated. The proposed 

win-growth mechanism may help to explain how large twin do- 

ains can develop despite frequent reports that twin growth is 

uppressed in precipitate hardened magnesium alloys. Initially, it is 

easoned that an initial thin twin can impinge upon a precipitate 

nd cause another twin to form on the other side of the precipi- 

ate. The interactions between the precipitate with the impinging 

win and the subsequent twin changes the local stress fields and 

islocation content. The key findings are summarized below: 

◦ The growth of a precipitate-blocked twin can be realized in 

two-stages. First, the initial propagation and impingement of a 

twin on a precipitate cause a local stress concentration to de- 

velop on the opposite side of the precipitate. Secondly, the for- 

mation and propagation of another twin from the far side of 

the precipitate counteract the backstresses that develop from 

the impingement of the initial twin. The augmented TRSS fields 

along the boundaries of the initial twin support its growth 

without any additional external macroscopic loading. 

◦ The amount of relaxation provided by the newly formed sec- 

ond twin on the first twin is related to the length of the sec- 
11 
ond twin, which, in precipitate-hardened AZ91, is mostly deter- 

mined by the precipitate spacing, d , a microstructural feature 

that can be controlled through alloying and heat treatment. A 

precipitate spacing that is five or more times the twin thick- 

ness allows for nearly the greatest enhancement of the driving 

stresses for twin growth. 

◦ The propagation of twin-2 also increases basal 〈 a 〉 and 

pyramidal-I 〈 c + a 〉 dislocation densities near the twin-1 im- 

pingement site. 
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ppendix 

Various assumption had been made in the simulation set-up, 

uch as the implementation of a 4% external compression prior to 

he formation of twin-1 and the twin thickness. Here, we explore 

he how modifications of these assumptions may affect the calcu- 

ated stresses along the upper twin-1 boundary. Fig. A.1 a schemat- 

cally illustrates the microstructure after twin-1 impinges against 

recipitate-1 (orange) and the successive formation of twin-2 in 

etween precipitate-1 and precipitate-2 (red). Fig. A.1 b shows the 

volution of the average TRSS in the center and tip regions of 

he upper twin-1 boundary after an initial pre-twin 4% compres- 

ion strain (gray), after the formation twin-1 (red) and after the 

ormation of twin-2 (blue), as seen in Fig. 6 . After the formation 

f twin-1, strong backstresses develop around the twin-1 bound- 

ry that would inhibit the ability of twin-1 to grow, as indicated 

y the drop in TRSS in both the center and tip regions. Further- 

ore, results suggest that the formation of twin-2 helps to re- 

ieve the backstresses around twin-1, enabling twin-1 to grow by 

trongly increasing the TRSS along the twin-1 boundary, espe- 

ially near their co-impingement site at the twin-1 tip. The in- 

rease in the TRSS along the twin-1 tip caused by the formation 

f twin-2 increases greatly as the length of twin-2 increases, dic- 

ated by the precipitate spacing. After a relative spacing of d /t ≥ 5 ,

he TRSS begins to saturate towards 80 MPa. Next, we consider 

hat would happen if no pre-twin strain were implemented, as 

hown in Fig. A.1 b. Here, a similar trend is observed, with in- 

reasing precipitate spacing leading to larger TRSS along the twin- 

 tip and saturating around a spacing of about five. Evidently, 

he inclusion of a pre-twin strain did not seem to qualitatively 

nfluence the stress fields, although it did result in larger calcu- 

ated values of TRSS. We further considered an additional case in 

hich the twin thickness was doubled, while keeping the pre- 

win strain. These results also qualitatively agree with the origi- 

al twin thickness case. In this case, the increase in the TRSS at 

he twin-1 tip increases more rapidly with increasing precipitate 

pacing, however, again begin to plateau at d /t ≥ 5 . The results 

ndicate a limit in the ability of twin-2 to aid in twin-1 growth at 

he tip. 

http://dx.doi.org/10.13039/100000001
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Fig. A.1. Compares the evolution of the twin stresses along the upper twin-1 boundary under different simulation parameters. a) An enlarged view of the simulated twin- 

precipitate interaction region. The fields along the upper boundary of twin-1 near the center of twin-1 and near the precipitate-1 interaction site are outlined by black boxes 

to be considered for further detailed analysis. b) The variation in average TRSS taken along the upper twin boundary of twin-1 near the center and the impingement site 

as a function of precipitate spacings, d, normalized by the twin thickness, t, as seen in Fig. 6 . c) The variation in the average TRSS in the upper twin-1 boundary with no 

applied pre-twinning external strain as a function of precipitate spacing. d) The variation in the average TRSS in the upper twin-1 boundary with 4% pre-twinning strain and 

double the original twin thickness as a function of precipitate spacing. 
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