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A quantitative study of stress
fields ahead of a slip band blocked
by a grain boundary in unalloyed
magnesium
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Veera Sundararaghavan?3, John Allison? & Amit Misra’2

Stress localization ahead of a slip band blocked by a grain boundary is measured for three different
grain boundaries in unalloyed Mg using high-resolution electron backscatter diffraction (HR-EBSD). The
results are compared with a theoretical dislocation pile-up model, from which slip system resistance and
micro-Hall-Petch coefficients for different grain boundary types are deduced. The results indicate that
grain boundary character plays a crucial role in determining micro-Hall-Petch coefficients, which can

be used to strengthen classical crystal plasticity constitutive models to make predictions linked to the
effect of grain boundary strengthening.

Fundamental understanding of defect-defect interactions such as dislocations-grain boundaries (GBs)!-,
GBs-twins*?, GBs-solute atoms®-®, dislocations-twins®, and dislocations-precipitates'®!! are key to assess the
mechanical properties of polycrystalline materials. Among these interactions, grain boundaries play a crucial role
in defining the strengthening of material'?-'4, fatigue crack initiation'®, and stress corrosion cracking'®. Under an
applied load, dislocation glide accommodates plastic deformation until impeded by obstacles such as grain
boundaries. The pileup of dislocations at a grain boundary successively increases the stress concentration until the
boundary barrier to slip transmission is exceeded, resulting in slip transmission and further deformation'’. Such
a theory has been proposed to explain the empirical Hall-Petch equation'®-?!, which connects the yield strength
of the bulk material to its average grain size: 0, =0y + X where o, is the yield strength of the material, o is the

friction stress, L is the average grain size, and k is the Hall-Petch coefficient which represents the grain boundary
barrier to slip transmission. In connection with the microscopic phenomenon leading to the Hall-Petch effect,
Weng? proposed that the flow stress of a slip system may be expressed as7 = 7> + k. d~ '/, where at a specific
strain, 7°° represents the flow stress of a slip system in a free single crystal, d is the grain size, and k , is some phys-
ical quantity that reflects the strength of the size-effect. This equation is referred to as the micro-Hall-Petch rela-
tionship in connection with the extension of the Hall-Petch equation to the slip system level in which the
parameter k, is the micro-Hall-Petch coefficient??. Such a proposal is based on the physical argument by
Armstrong et al.?® that in a polycrystalline material, dislocations approaching a grain boundary cannot freely
cross the boundary and therefore a slip band can sustain higher stress compared to one in a single crystal. The role
of individual grain boundary parameters (misorientation, tilt angle, twist angle, etc.) on slip band-GB interactions
and its subsequent effect on the flow stress of a slip system and the strength of polycrystalline materials, has been
theoretically studied?®*” but their calibration is primarily limited by the experimental technique to accurately
predict the grain boundary energy or stress field induced by a blocked slip band at a grain boundary. Recently,
high-resolution electron backscatter diffraction (HR-EBSD) developed by Wilkinson et al.?® enables the measure-
ment of all components of the stress tensor in materials with spatial resolution on the order of 100 nm by assessing
changes in Kikuchi diffraction patterns. Previous studies used this technique successfully to examine the residual
stress concentration induced from a slip band blocked by a grain boundary in commercial purity titanium?*° and
irradiated steel*"*2. In this work, HR-EBSD is used to compute the residual shear stress distribution ahead of slip
band -grain boundary intersections in unalloyed Mg. The experimental results are used in conjunction with a
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Figure 1. (a) SEM image of continuous slip band-grain boundary intersection. (b) SEM image of discontinuous
slip band-grain boundary intersection. For generating the pileup-stress distribution ahead of grain boundary
using CC4, a reference point toward the interior of the grain is selected. Red dashed lines denote slip band
location.

continuum dislocation pile-up model from which the micro-Hall-Petch coefficients and slip system resistance for
three different grain boundaries are reported. A simple phenomenological relationship to account for grain mis-
orientation is proposed to foster the implementation of grain size effects on the critical resolved shear stresses
used in crystal plasticity constitutive models. Obtaining such microstructural measurements will help to accu-
rately calibrate the crystal plasticity finite element constitutive model to predict the mechanical response of mag-
nesium alloys, considering both the grain size and geometrical features of grain boundaries.

Results and Discussion

The interaction of slip bands with grain boundaries is classified into two types: continuous slip bands (Fig. 1(a))
where slip is transmitted into the adjacent grain, and discontinuous slip bands (Fig. 1(b)) where the grain bound-
ary blocks the slip bands!’. The objective of this study is to calculate the shear stress distribution near the intersec-
tion of a blocked slip band with a grain boundary (i.e., a discontinuous slip band type interaction), and then fit it
with the theoretical model to estimate the micro-Hall-Petch coefficient. The case of a continuous slip band that
transmits from one grain to another unimpeded is not treated in this analysis. The cross-correlation algorithm
described in the methods section is applied to calculate the stress states using the low-stress reference pattern
marked with an X in Fig. 1(b). It must be noted that this reference point is in a state of low stress and not neces-
sarily zero stress and Eq. 8 (see methods section) needs to be modified to take this into account. A closer look at
Eq. 8 conveys that 11m (X)) =0 but the experimental data may not appear to asymptotically approach zero at
sufficiently large X s1mply because the reference point does not correspond to a zero-stress state. In other words,

we need to account for a non-zero offset which can be accomplished by adding a constant term to the right-hand
side of Eq. 8 which takes the form:

2 7 T ©
L L
J(X‘%z) (3) (1)
where O denotes the offset. This offset is assumed to not depend on X and hence is a constant.

Figure 2(a) illustrates the stress concentration observed with HR-EBSD for a grain boundary with a misorien-
tation of 62.8°. The slip system associated with the slip band is identified based on the maximum Schmid factor
over all possible slip systems of Grain A, the orientation of which is available via EBSD. The analysis indicates the
activation of the (0 0 0 1)[1 2 1 0] slip system in Grain A. A map of the residual shear stress field resolved onto the
(000 1)[12 10]slip system of Grain A is shown in Fig. 2(a). A line scan direction along the slip band in Grain
A extended into Grain B using the dashed line in Fig. 2(a) yields the residual shear stress profile in Grain B along
the trace of the slip band. Resolving this stress along the slip system corresponding to the slip band in Grain A
yields the point-plot (red points) in Fig. 2(b). The measured residual resolved shear stress is the highest close to
the grain boundary and decreases as the distance from the grain boundary into the Grain B increases. This behav-
ior was also observed by Guo et al.** and Britton et al.?’ in commercial purity titanium and by Johnson et al.>'-3
for irradiated steels near blocked slip bands at grain boundaries. Knowing that basal slip is active, the value of

' = 0.5 MPa is adopted from previous experimental studies on computing the yield stress for the basal slip
system in Mg single crystals35’38 The experimental data is then fit with Eq. 7 using least squares. Accordingly,
parameter values of s* = 73 + 5 MPa and k* = 0.377 4 0.04 MPa. m'’? are obtained.

The same procedure, as described for grain boundary shown in Fig. 2, is performed for two other bounda-
ries, and the results are reported in Fig. 3. For comparison purposes, the fitting parameters and grain boundary
misorientations for all three-grain boundaries are summarized in Table 1. By comparing the micro-Hall-Petch
coeflicients for three different grain boundaries, it is concluded that grain boundary character (tilt and twist
angles) plays a significant role in defining this coefficient. It is also observed that the micro-Hall-Petch coefficient
varies over a factor of two with increasing grain boundary misorientation: 17.7°, 41.3°, 62.8°. A comprehensive
study with more grain boundary types is required to better understand the effect of grain boundary parameters
on the micro-Hall-Petch coefficient. It is worth noting that the estimates of the micro-Hall-Petch coeflicient
obtained in this study, i.e., 0.209-0.377 MPa.m'/?, are in satisfactory agreement with previously reported values
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Figure 2. (a) Spatial variation of the residual shear stress resolved onto the active slip system of Grain A

for a grain boundary with a misorientation angle of 62.8° (Boundary 1, grain size =27 um). The dashed line
represents the direction along which the stress data is captured. (b) The residual shear stress profile ahead of a
discontinuous dislocation-grain boundary intersection with comparison to the continuum dislocation pile-up
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Figure 3. Residual shear stress ahead of blocked slip band fit with the continuum dislocation pile-up model
for grain boundaries with misorientation angles of a) 41.3° (Boundary 2, grain size =45 um)and (b) 17.7°
(Boundary 3, grain size =85 um).

Boundary1 | Boundary2 | Boundary 3
Misorientation Angle(°) | 62.8 41.3 17.7
s (MPa) 73+6 48+5 2342
k" (MPa.m'’?) 0.37740.04 | 0.322+0.03 | 0.209+0.02
¢ (°) 57.1 42.6 10.3
k) 314 1.9 14.6
m' 0.4632 0.7356 0.952

Table 1. Comparison between the slip system resistance and micro-Hall-Petch coefficients of three different
grain boundaries presented in Figs. 2 and 3.

of the Hall-Petch coefficient for unalloyed Mg. For instance, Somekawa et al.*® obtained the value of 0.294 MPa.
m!2 from macroscopic compression tests on extruded unalloyed Mg at room temperature. Ono et al.*’ studied
the tensile deformation of rolled unalloyed Mg at 293 K and found a Hall-Petch coefficient of 0.291 MPa.m'/2.

To describe the grain boundary dependence of the micro-Hall-Petch coeflicient, we express k” in terms of the
geometric compatibility factor®!, denoted by m’=cos(¢).cos(k), where ¢ and « represent the relative angle
between the slip planes and slip directions, respectively, in the adjacent grains. In the present case, m’ is deter-
mined as follows. First, the slip system corresponding to the experimentally observed slip band in Grain A is
identified. In the present study, for all three boundaries, the observed slip bands correspond to the
(000 1)[1 210 ]slip system. Then the compatibility factors are estimated considering the (000 1)[12 1 0 ]in
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Figure 4. (a) EBSD orientation map and inverse pole figure of unalloyed Mg used in this study. The starting
grain size is 45+15 pm. (b) Tensile sample with a nominal thickness of 2 mm.

Grain A, and all the basal variants in Grain B. The maximum value among the three estimates is chosen as the
value of m' for that boundary as reported in Table 1. The effect of grain boundary misorientation on k" can be
accounted by assuming a phenomenological functional form. Such a form may be constructed based on the intu-
ition that a lower geometric compatibility factor reflects lower slip system compatibility between grains, which
enhances the contribution of the grain-boundary to the slip system resistance. A simple relationship used in the
current analysis is the following

K*=K*Q —m)5¢>0 (2)

where K and ¢ are model parameters. The above expressions are then calibrated using data for misorientation
angles 17.7° and 62.8° yielding K“ = 0.4389 and ¢ = 0.2443 after which the estimate of k" for a misorientation
angle of 41.3° equals 0.3171. This value is within 1.5% of the value determined in this study and provided in
Table 1. Equation 2 can subsequently be used in conjunction with Eq. 8 in crystal plasticity models to incorporate
phenomenologically, the effect of grain-size and misorientation on the initial slip-system resistance.

While the continuum dislocation pile-up model used here is quite simplistic, more realistic discrete models
of double-ended dislocation pile-ups or continuum models for a finite number of double-ended pileups? are not
analytically tractable in general, leaving simulations as the only other alternative. There have been attempts to
factor in the effect of grain boundaries based on dislocation-models of grain boundary ledges***, disclination
models of high-angle grain boundaries® and grain boundary energy-based models*. Future work will analyze
the use of such models to improve our understanding of the HR-EBSD data. Such improvements, however, do not
alter the fact that the micro-Hall Petch formula is empirical. A simple relationship as devised in Eq. 2 is suggested
as a starting point for crystal plasticity calculations that account for the grain size effect.

Conclusion

High-resolution electron backscatter diffraction technique, combined with a continuum dislocation pile-up
model, is used to study the interaction of a slip band with grain boundary in unalloyed Mg. The proposed
framework allows measurement of the slip system resistance of individual grains and determination of
micro-Hall-Petch coefficients for different grain boundary types. The results indicate that the micro-Hall-Petch
coeflicient is sensitive to the grain boundary character. Accordingly, a simple phenomenological relationship
is proposed relating the micro-Hall-Petch coefficient to the geometric compatibility factor. Such a relationship
should be useful for implementing micro-Hall-Petch-based crystal plasticity constitutive models to predict grain
boundary effects.

Methods

Materials and experimental methods. The material used in this study was extruded unalloyed Mg bar
provided by Canmet Materials. The bar was extruded at 573 K to a diameter of 15 mm at the rate of 254 mm/min
from an 85-mm diameter cast billet. The final average grain size is 45 +15 pm as shown in Fig. 4(a). Tensile sam-
ples are machined following the design given in Fig. 4(b) and heat-treated at 250 °C for 24 h to minimize residual
stress. The specimens are then polished using standard metallographic techniques via finishing with a 0.05 pm
colloidal silica followed by etching with an acetic-nitric solution (5mL nitric acid, 15 mL acetic acid, 20 mL water,
and 60 mL ethanol). The polished samples are subjected to a tensile stress of 20 MPa. This relatively small stress
amplitude has been selected to minimize the effect of work hardening so that we estimate the ‘initial’ slip system
resistance as close as possible. The stress amplitude is also sufficiently low to preclude the occurrence of affects due
to grain boundary sliding, which is typically observed at higher stresses or when the material is sufficiently
deformed. After mechanical deformation, using a Tescan RISE scanning electron microscopy with the squared
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grid and 150 nm step size, high-resolution EBSD scans are performed near dislocation grain boundary interaction
sites and Kikuchi patterns are collected. CrossCourt4 (CC4) software package developed by BLG Vantage is then
used to calculate the full residual stress tensor following the cross-correlation algorithm developed by Britton and
Wilkinson?’. The stress tensor is then projected onto the active slip system to obtain the resolved shear stress on
that slip system.

Continuum dislocation pile-up model.  The following method to construct a model for a slip band based
on the theory of continuous distribution of dislocations is adapted from Hirth and Lothe*. A slip band is ideal-
ized to a one-dimensional interval [—L/2, L/2], where the boundaries of the domain represent grain boundaries
(Fig. 2(a)). At any point x € [—L/2, L/2] a dislocation density field p(x) is prescribed, so that the total number of
dislocations in a differential element dx is n(x) = p(x)6x. A continuous density field in one-dimension is a con-
tinuum representation of straight, infinite dislocations of positive and negative type, for a given Burgers vector.
The sign of the density field refers to the group of dislocations of the corresponding sign. An applied stress field
exerts a configurational force on the dislocation of the Peach- Koehler type. Additionally, there is a long-range
stress field due to dislocations in the medium (by virtue of their presence), which imposes a configurational force
on a dislocation present anywhere else in the medium. Any net force acting on the dislocations drives the system
to an equilibrium state which is characterized by zero net configurational force. Because the expressions for the
stress fields of dislocations are derived based on linear elasticity, the net configurational force is simply a sum of
individual force terms. The equilibrium condition is then expressed mathematically as:

2 L /
b+ S 2 LX) g
2Tk Y7 x — X (3)

where 7(x) denotes the applied shear stress resolved along with the slip system, L is the grain size, G the shear
modulus for an isotropic elastic material, b the Burgers vector strength, and x =1 (for screw dislocations) or k =
1 — v (for edge dislocations). It is noted that unalloyed Mg is essentially elastically isotropic so that the Eq. 1 isa
reasonable approximation. Now given 7(x), the density field p(x) satisfying the equilibrium equations needs to
be computed. For this purpose, Eq. 1 is recast into a simpler mathematical form as follows

lfl f(&) de — 2/@7’(%5)
Tdag ¢ Gb
2/{7’(%5)

Gb (4)
where = ZTX, &= 2%/, f(&h = p(ég/) and Hlf ()] denotes the finite Hilbert transform of the function f(¢’)

expressed in terms of the new variable £. Solving for the dislocation density field involves inverting the operator
'H, a classical problem whose solution has been presented elsewhere* . A systematic procedure to invert the
integral using some properties of Chebyshev polynomials when 7(x) is a polynomial, is presented in the supple-
mental material. The special case of a spatially constant resolved shear stress 7(x) = 7, is considered in this study
resulting in

=HIf(E)] =

N = 2%
HfEN) =
2K, & C
=f(e) = =—2* +
Gb ’\/1_5/2 ’\/1_5/2
—p(x) = 2Ky x CL

Gb 2 + 2
L 2 L 2

G - 2y - .
where C is a constant appearing due to the homogeneous solution of the integral equation. This constant can be
related to the net Burgers vector (supplemental material) considering all the dislocations appearing in the slip
band, which for simplicity is assumed to be zero. In other words, there is an equal number of dislocations of both
positive and negative types. Accordingly, the stress ahead of the pile-up (pileup-stress) due to the dislocation
distribution alone takes the form

L
X+ L

2 2
L L
-0
( 2 2 (6)
where X = x — é, is the distance from the grain boundary, as denoted in Fig. 5(a).
In comparison with experiments, it is noted that the theoretical prediction for the pileup-stress must not
include the effect of the resolved stress, because the experiment measures the residual stress in the adjacent grain.

This residual stress is considered to arise primarily from the development of a dislocation distribution in the
slip band reminiscent of a dislocation pile-up. The sole purpose of the resolved shear stress is to generate this

X)) =1
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Figure 5. (a) Continuum model of dislocation pile-up at a grain boundary. The red curve represents the stress
ahead of the pile-up based on Eq. 4. (b) Shear stress ahead of pile-up for different slip system resistance (s“) - the
pileup-stress increases proportionally with the resolved shear stress.

dislocation distribution which develops irreversibly, and hence, retains the functional form even after removal of
the resolved shear stress. In other words, the generated dislocation distribution is assumed to change negligibly so
that the form of the pileup stress is not affected significantly. These simplifications are debatable but in the interest
of obtaining a simple analytical form, are suggested to be an appropriate starting point.

The function 7,(X) (stress ahead of the pile-up) for different values of 7; is plotted in Fig. 5(b).

To purport a particular form of the resolved shear stress, two assumptions are made.

(1) The resolved shear stress on the slip system equals the initial slip system resistance, which arises by ne-
glecting the phenomenon of work hardening on that slip system. In other words, the applied shear stress
required to equilibrate a dislocation distribution is identical to the initial slip system resistance which must
be overcome to produce the slip band and accommodating the majority of the applied deformation.

(2) Itisassumed that classical Hall-Petch relationship may be extended to the slip system level, formerly
termed as “micro-Hall-Petch” relation?>%. It is one way of separating the contribution of grain size from
the local lattice resistance, in the initial slip system resistance. Additionally, because the pile-up model
doesn't take into account the grain boundary character, the grain boundary effect is subsumed in the
estimates of the micro-Hall-Petch coefficients. Accordingly, the slip system resistance is expressed in the
following form:

sY=1 4+ —

" @
where 75" is the flow stress of slip system « of a theoretically infinite single crystal, k” the micro-Hall-Petch coeffi-
cient of the slip system « signifying the strength of the size effect and L is the slip system-level grain size, which in
this case represents the length of the slip band across an entire grain. In the context of the current experiment, L
corresponds to the length of the slip trace measured along the direction perpendicular to the dislocation(infinite
edge or screw) line and slip plane normal of the slip system from one-grain boundary to the opposite.
Subsequently, we refer to L as the grain size. Then Substituting Eq. 5 in Eq. 4 yields:

a X
(%) = [T(;’ + X ] i

RICEH 0] o

Received: 16 October 2019; Accepted: 29 January 2020;
Published online: 20 February 2020

References

1. Kacher, J., Eftink, B., Cui, B. & Robertson, I. Dislocation interactions with grain boundaries. Current Opinion in Solid State and
Materials Science 18, 227-243 (2014).

2. Kacher, J. & Robertson, 1. Quasi-four-dimensional analysis of dislocation interactions with grain boundaries in 304 stainless steel.
Acta Materialia 60, 6657-6672 (2012).

3. Livingston, J. & Chalmers, B. Multiple slip in bicrystal deformation. Acta Metallurgica 5, 322-327 (1957).

4. Fernandez, A, Jérusalem, A., Gutiérrez-Urrutia, I. & Pérez-Prado, M. Three-dimensional investigation of grain boundary-twin
interactions in a Mg AZ31 alloy by electron backscatter diffraction and continuum modeling. Acta Materialia 61, 7679-7692 (2013).

SCIENTIFIC REPORTS |

(2020) 10:3084 | https://doi.org/10.1038/s41598-020-59684-y


https://doi.org/10.1038/s41598-020-59684-y

www.nature.com/scientificreports/

11.

12.
. Cepeda-Jiménez, C., Molina-Aldareguia, J. & Pérez-Prado, M. Effect of grain size on slip activity in pure magnesium polycrystals.

14.
15.

16.

23.
24.
25.

26.
27.

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.

48.
49.

50.

. Guo, Y., Abdolvand, H., Britton, T. & Wilkinson, A. Growth of {1127 2} twins in titanium: A combined experimental and modelling

investigation of the local state of deformation. Acta Materialia 126, 221-235 (2017).

. De Hosson, J. T. et al. In situ TEM nanoindentation and dislocation-grain boundary interactions: a tribute to David Brandon. Journal

of materials science 41, 7704-7719 (2006).

. Garg, P,, Bhatia, M., Mathaudhu, S. & Solanki, K. In Magnesium Technology 2017 483-489 (Springer, 2017).
. Darling, K. et al. Influence of Mn solute content on grain size reduction and improved strength in mechanically alloyed Al-Mn

alloys. Materials Science and Engineering: A 589, 57-65 (2014).

. Zhu, Y. et al. Dislocation-twin interactions in nanocrystalline fcc metals. Acta Materialia 59, 812-821 (2011).
. Choudhuri, D. et al. Exceptional increase in the creep life of magnesium rare-earth alloys due to localized bond stiffening. Nature

communications 8, 2000 (2017).

Choudhuri, D. & Srinivasan, S. G. Density functional theory-based investigations of solute kinetics and precipitate formation in
binary magnesium-rare earth alloys: A review. Computational Materials Science 159, 235-256 (2019).

Hirth, J. P. The influence of grain boundaries on mechanical properties. Metallurgical Transactions 3, 3047-3067 (1972).

Acta Materialia 84, 443-456 (2015).

Cepeda-Jiménez, C., Molina-Aldareguia, J. & Pérez-Prado, M. EBSD-assisted slip trace analysis during in situ SEM mechanical
testing: application to unravel grain size effects on plasticity of pure Mg polycrystals. JOM 68, 116-126 (2016).

McDowell, D. & Dunne, F. Microstructure-sensitive computational modeling of fatigue crack formation. International journal of
fatigue 32, 1521-1542 (2010).

West, E., Teysseyre, S., Jiao, Z. & Was, G. In Proc. 13th International Conference on Degradation of Materials in Nuclear Power
Systems— Water Reactors. (Canadian Nuclear Society, Toronto, Ontario, Canada).

. Wang, J. Atomistic simulations of dislocation pileup: grain boundaries interaction. JOM 67, 1515-1525 (2015).

. Hall, E. Proc. Phys. Soc. Series B 64, 747 (1951).

. Hall, E. Yield point phenomena in metals and alloys. (Springer Science & Business Media, 2012).

. Armstrong, R. W. 60 Years of Hall-Petch: past to present nano-scale connections. Materials Transactions 55, 2-12 (2014).

. Armstrong, R. W. Hall-Petch k dependencies in nanopolycrystals. Emerging Materials Research 3, 246-251 (2014).

. Weng, G. A micromechanical theory of grain-size dependence in metal plasticity. Journal of the Mechanics and Physics of Solids 31,

193-203 (1983).

Sun, S. & Sundararaghavan, V. A probabilistic crystal plasticity model for modeling grain shape effects based on slip geometry. Acta
Materialia 60, 5233-5244 (2012).

Liu, J., Xiong, W., Behera, A., Thompson, S. & To, A. C. Mean-field polycrystal plasticity modeling with grain size and shape effects
for laser additive manufactured FCC metals. International Journal of Solids and Structures 112, 35-42 (2017).

Armstrong, R., Codd, I., Douthwaite, R. & Petch, N. The plastic deformation of polycrystalline aggregates. The Philosophical
Magazine: A Journal of Theoretical Experimental and Applied Physics 7, 45-58 (1962).

Bata, V. & Pereloma, E. V. An alternative physical explanation of the Hall-Petch relation. Acta materialia 52, 657-665 (2004).
Sangid, M. D., Ezaz, T., Sehitoglu, H. & Robertson, I. M. Energy of slip transmission and nucleation at grain boundaries. Acta
materialia 59, 283-296 (2011).

Wilkinson, A. J., Meaden, G. & Dingley, D. J. High-resolution elastic strain measurement from electron backscatter diffraction
patterns: New levels of sensitivity. Ultramicroscopy 106, 307-313 (2006).

Britton, T. B. & Wilkinson, A. J. Stress fields and geometrically necessary dislocation density distributions near the head of a blocked
slip band. Acta Materialia 60, 57735782 (2012).

Guo, Y., Britton, T. & Wilkinson, A. Slip band-grain boundary interactions in commercial-purity titanium. Acta Materialia 76, 1-12
(2014).

Johnson, D., Kuhr, B., Farkas, D. & Was, G. Quantitative analysis of localized stresses in irradiated stainless steels using high
resolution electron backscatter diffraction and molecular dynamics modeling. Scripta Materialia 116, 87-90 (2016).

Johnson, D., Kuhr, B., Farkas, D. & Was, G. Quantitative Linkage between the Stress at Dislocation Channel-Grain Boundary
Interaction Sites and Irradiation Assisted Stress Corrosion Crack Initiation. Acta Materialia (2019).

Nicaise, N., Berbenni, S., Wagner, E, Berveiller, M. & Lemoine, X. Coupled effects of grain size distributions and crystallographic
textures on the plastic behaviour of IF steels. International Journal of Plasticity 27, 232-249 (2011).

Raeisinia, B., Sinclair, C., Poole, W. & Tomé, C. On the impact of grain size distribution on the plastic behaviour of polycrystalline
metals. Modelling and Simulation in Materials Science and Engineering 16, 025001 (2008).

Akhtar, A. & Teghtsoonian, E. Solid solution strengthening of magnesium single crystals—I alloying behaviour in basal slip. Acta
Metallurgica 17, 1339-1349 (1969).

Tonda, H. & Ando, S. Effect of temperature and shear direction on yield stress by {11721}(~17123) slip in HCP. metals. Metallurgical
and materials transactions A 33, 831-836 (2002).

Yoshinaga, H. & Horiuchi, R. Deformation mechanisms in magnesium single crystals compressed in the direction parallel to
hexagonal axis. Transactions of the Japan Institute of Metals 4, 1-8 (1963).

Sanchez-Martin, R. et al. Measuring the critical resolved shear stresses in Mg alloys by instrumented nanoindentation. Acta
Materialia 71, 283-292 (2014).

Somekawa, H. & Mukai, T. Hall-Petch relation for deformation twinning in solid solution magnesium alloys. Materials Science and
Engineering: A 561, 378-385 (2013).

Ono, N., Nowak, R. & Miura, S. Effect of deformation temperature on Hall-Petch relationship registered for polycrystalline
magnesium. Materials Letters 58, 39-43 (2004).

Luster, J. & Morris, M. Compatibility of deformation in two-phase Ti-Al alloys: Dependence on microstructure and orientation
relationships. Metallurgical and Materials Transactions A 26, 1745-1756 (1995).

Li, J. & Chou, Y. The role of dislocations in the flow stress grain size relationships. Metallurgical and materials transactions B 1, 1145
(1970).

Chou, Y. Dislocation Pile-Ups against a Locked Dislocation of a Different Burgers Vector. Journal of Applied Physics 38, 2080-2085
(1967).

Hirth, J. & Balluffi, R. On grain boundary dislocations and ledges. Acta Metallurgica 21, 929-942 (1973).

Li, J. Disclination model of high angle grain boundaries. Surface Science 31, 12-26 (1972).

Read, W. T. & Shockley, W. Dislocation models of crystal grain boundaries. Physical review 78, 275 (1950).

Britton, T. & Wilkinson, A. High resolution electron backscatter diffraction measurements of elastic strain variations in the presence
of larger lattice rotations. Ultramicroscopy 114, 82-95 (2012).

Hirth, J. P. & Lothe, J. Theory of dislocations. (1982).

Muskhelishvili, N. I. & Radok, J. R. M. Singular integral equations: boundary problems of function theory and their application to
mathematical physics. (Courier Corporation, 2008).

Tricomi, E G. On the finite Hilbert transformation. The Quarterly Journal of Mathematics 2, 199-211 (1951).

SCIENTIFIC REPORTS |

(2020) 10:3084 | https://doi.org/10.1038/s41598-020-59684-y


https://doi.org/10.1038/s41598-020-59684-y

www.nature.com/scientificreports/

Acknowledgments

This work was supported by the U.S. Department of Energy, Office of Basic Energy Sciences, Division of Materials
Sciences and Engineering under Award #DE-SC0008637 as part of the Center for PRedictive Integrated Materials
Science (PRISMS Center) at University of Michigan. We acknowledge with appreciation CANMET Materials
who provided the materials used in this study. Electron microscopy was conducted at the Michigan Center for
Materials Characterization at the University of Michigan. The data on which this paper was based is available
on Materials Commons (https://materialscommons.org/mcapp/#/data/dataset/8871c597-4elc-42a6-9b26-
a746bc640ab3).

Author contributions

M.T.A. performed the experiments and analyzed the data. A.L. developed the continuum dislocation model, and
M.K.R. contributed to the data analysis. V.S., J.A., and A.M. supervised this study. M.T.A. and A.L. prepared the
initial draft of the manuscript, while all the others contributed to the discussion of results and commented on the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-59684-y.

Correspondence and requests for materials should be addressed to M.T.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

" | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:3084 | https://doi.org/10.1038/s41598-020-59684-y


https://doi.org/10.1038/s41598-020-59684-y
https://materialscommons.org/mcapp/#/data/dataset/8871c597-4e1c-42a6-9b26-a746bc640ab3
https://materialscommons.org/mcapp/#/data/dataset/8871c597-4e1c-42a6-9b26-a746bc640ab3
https://doi.org/10.1038/s41598-020-59684-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A quantitative study of stress fields ahead of a slip band blocked by a grain boundary in unalloyed magnesium

	Results and Discussion

	Conclusion

	Methods

	Materials and experimental methods. 
	Continuum dislocation pile-up model. 

	Acknowledgments

	Figure 1 (a) SEM image of continuous slip band-grain boundary intersection.
	Figure 2 (a) Spatial variation of the residual shear stress resolved onto the active slip system of Grain A for a grain boundary with a misorientation angle of 62.
	Figure 3 Residual shear stress ahead of blocked slip band fit with the continuum dislocation pile-up model for grain boundaries with misorientation angles of a) 41.
	Figure 4 (a) EBSD orientation map and inverse pole figure of unalloyed Mg used in this study.
	Figure 5 (a) Continuum model of dislocation pile-up at a grain boundary.
	Table 1 Comparison between the slip system resistance and micro-Hall-Petch coefficients of three different grain boundaries presented in Figs.




