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ABSTRACT

To date, several studies have been performed on the static mechanical properties of SLM-
AlSi10Mg alloy. There have also been more recent studies on the relation between scan strategy, texture,
and mechanical properties of SLM metals and composites. However, there is a huge knowledge gap in the
available literature regarding texture and mechanical behavior of SLM-AISi10Mg alloy under high strain
rates. Therefore, in this study, dynamic mechanical behavior of AlSil0Mg 200C alloy manufactured by
DMLS technique was investigated at high strain rates ranging from 900/s to 1700/s using Split Hopkinson
Pressure Bar. Texture using X-ray diffraction technique of the initial samples were measured. The yield
strength, peak flow stress, and ductility increased in all samples with increase of strain rate. TEM studies
have also revealed evidence of continuous dynamic recrystallization in grains after 900/s—1700/s strain-rate
tests. A Taylor polycrystal crystal plasticity constitutive model was then developed to capture and predict
the texture evolution and mechanical response under dynamic loading, using plastic work as a critical
parameter for the onset of recrystallization.
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INTRODUCTION

Additive manufacturing (AM) powder techniques are among the fastest advancing breakthroughs
in manufacturing in recent years, defined by a bottom-up layer by layer process of joining with energy
input from lasers or electron beam (Herzog et al., 2016; Gibson et al., 2015). Among alloys fabricated by
SLM, AlSi10Mg is of high interest to industry and academia due to its low density, high specific strength
and excellent corrosion resistance, making this alloy a viable contender for acrospace, automotive, and
marine applications. Circumstances such as car crash or bird aircraft strike hazards subject potential
additively manufactured AlISilOMg parts to impact loadings. This drives an interest in understanding and
predicting dynamic behaviour of these alloys.

AlSilOMg is the AM counterpart of A360 die-cast aluminum, which possess hypoeutectic
microstructure (Li et al.,, 2015). Up to the present time, many studies have presented the mechanical
properties of SLM-AISi10Mg alloy. The mechanical properties and microstructure of AlSi10Mg produced
by selective laser melting (SLM) or DMLS techniques can be controlled using different parameters, such
as feedstock powder (Asgari et al., 2017), and process parameters (Olakanmi et al., 2015). The
microstructure and mechanical properties of AISi10Mg can also be controlled using post heat treatment
after SLM process Li et al., 2016). The mechanical properties of SLM-AISil0Mg are sensitive to strain
rate and can both change under quasi-static (Rosenthal et al., 2017) and high strain rates (Asgari et al.,
2018). However, a significant knowledge gap in available literature regarding modeling these behaviours,
and especially micromechanical modeling of dynamic behaviour.

In general, dynamic deformation behavior of metallic alloys is a complex phenomenon, and is
largely characterized by competition between strain hardening and thermal softening. Thermal softening
can be further split into dynamic recovery, which involves the remobilization and annihilation of
dislocations, and dynamic recrystallization, where nucleation and growth of new grains dominates the
mechanical response (Solhjoo, 2014). Although derived from varying physical theories, the models of flow
stress curves available in literature are functions of strain, strain rate, and temperature. Work hardening and
dynamic recovery compete to control the flow stress up to a maximum stress. However dynamic
recrystallization (DRX) begins before this maximum. Determination of this DRX initiation has been
studied extensively, however all attempts to model such behaviour have either neglected material texture,
or required complex phase-field or crystal plasticity finite element software (Najafizadeg & Jonas, 2006;
Ebrahimi & Soljhou, 2007; Solhjoo, 2010). This study is the first to attempt to model such a behaviour
using a simple crystal plasticity Taylor polycrystal averaging framework.

Of particular interest in this paper is the Direct Metal Laser Sintering (DMLS) of
AlSi10Mg_200C and the resultant material/microstructure behaviour under high strain rates. Metal powder
was provided by EOS of North America, with chemical composition as in (Mohammadi & Asgari, 2017).
Cylindrical samples were printed using a 400W EOS M290 printer with the print bed held at 200°C. As-
printed samples were then machined to ASTM standard dimensions and strained by a Split Hopkinson
Pressure Bar and stress-strain data was recorded.

CRYSTAL PLASTICITY MODELING
Work Hardening Flow Stress

The general crystal plasticity formulation used in this study follows the constitutive framework
presented in (Cyr, 2017) with the constitutive law

& = LD — 6, — atrD, (1)
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where o is the Jaumann rate of Cauchy stress, £ is the fourth rank tensor of elastic moduli, D is the total
strain rate, and dy is the slip-rate dependent viscoplastic stress rate.



The general form of the flow stress curves is a hyperbolic tangent, where post-yield, the materials
exhibits an almost linear hardening up to a first peak, then a secondary hardening where recovery and
recrystallization occurs. Work hardening is therefore modeled using the Chang and Asaro (1981) single-
slip hardening relationship shown in equation (2), where material hardening h, evolves with accumulated
shear strain y.
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were h, and hg are the initial and saturated hardening rates, respectively, and t, and 74 are the initial and
saturated slip strength, respectively. The accumulated shear y is determined by

y = f N e, 3)

where slip system shear rate y* is determined using the power law relation
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Here, & is the resolved shear stress on slip system «a, as determined by the Schmid factor, m is the slip

rate exponent, and 7,, is the current slip strength—which can be determined simply from equation (2) if it
is assumed that there is no latent hardening—found as:
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Continuous Dynamic Recrystallization

Observations under transmission electron microscope (TEM) reveal that samples did not undergo
conventional discrete dynamic recrystallization common in low stacking fault energy materials, where
nuclei grow through the material leaving behind a relatively dislocation free grain in its wake. Instead, the
initial entanglement of dislocations became organized into a strong cellular structure, similar to low angle
grain boundaries, with a completely dislocation free cell interior (Hadadzadeh et al., 2018). These
incredibly dense dislocation cell walls effectively refine the grain size, however TEM analysis concluded
that the grains did not develop new crystal orientations. This phenomenon has been observed previously in
wrought Al-Si-Mg alloys systems, e.g. (Lee et al., 2016) and Al-Li alloys, e.g. (Gurao et al., 2013) and is
coined continuous dynamic recrystallization, or continuous recrystallization (CRX). In the CRX
mechanism, new grains are not formed by nucleation and growth due to the high efficiency of dynamic
recovery (DRV) due in part to high stacking fault energy. During CRX, subgrains develop as dislocations
group to form low angle boundaries within the grain, and subsequently evolve to high angle grain
boundaries as strain increases, with dislocation-free cell interiors.

In general, during hot deformation processing or dynamic loading, when the strain exceeds a
critical value continuous recrystallization initiates driven by the removal of dislocations. Up to the peak
stress, work hardening and dislocation density are increasing to a critical microstructural condition. This
occurs at different rates in varying grains due to their crystal orientation and amount of slip that
accumulates. Upon the peak stress, in the case of CRX, dislocation cell walls have formed and intense
recovery of dislocations within these dislocation cells become dislocation free. From a modeling
perspective, the crystal has been rapidly removed of significant dislocation content, but the yield and post
CRX hardening has increased due to ‘grain size’ refinement. Grain size is in single quotations, because the
parent grains are not changing size or orientation, rather is the intensity of the subgrain boundaries that are
acting as grain size refinement.



Critical Strain

Critical stress/strain determination for recrystallization has been studied extensively, e.g.
(Najafizadeg & Jonas, 2006; Ebrahimi & Soljhou, 2007; Solhjoo, 2010, 2014). In bulk material modeling,
the critical stress/strain for the onset of DRX has been identified mathematically as the inflection point in
the strain hardening rate 6 = do/de versus flow stress o curve. However, Poliak and Jonas concluded that
this method based on energetic considerations was not sufficient (Poliak & Jonas, 1996). Additionally,
macro-models are empirical in nature, and must rely on Avrami-type relations to account for
recrystallization. In a crystal plasticity framework, this has been solved by using cellular automata
algorithms to predict nucleation and growth within individual crystals based on the Nye tensor and crystal
misorientations (Popova et al., 2015). However, for CRX, determination of a nucleus, and by extension its
crystallographic orientation is not required. Thus, an energetic consideration within each crystal may
provide a suitable initiation for the observed recrystallization in the AISil0Mg 200C dynamic tests. Upon
this critical condition, the flow stress of the recrystallized grain drops substantially, and then resumes work
hardening. The contribution of all crystals in a polycrystal averaging scheme would lead to the observed
high-strain rate behaviour of the bulk material, where texture and not only strain rate affects the rate at
which the material recrystallizes.

The proposed criterion for recrystallization initiation is for a single crystal basis, and is presented
mathematically by the amount of plastic work W (t) at time ¢, i.e.

W(t) = fo t Z oy gy, ©6)

where 7% and y* are the resolved stress and shear rate on slip system a, respectively. At a critical value W,
the crystal flow stress and crystal slip strength decreases, and dislocation density represented by the
accumulated slip also decreases by some factor f., where 0 < fery < 1 represents the degree of
recrystallization taken place. The rapidity of this transformation is assumed to be nearly instantaneous
within the crystal. Work hardening of the recrystallized grains then resumes from this new state.

EXPERIMENTAL PROCEDURE

Material and DMLS Process

This study used experimental samples produced congruously to the study presented by Asgari et
al. (2018), where vertical samples of AlSil0Mg were printed using an EOS M290 machine located at
Additive Metal Manufacturing (AMM) in Concord, ON, Canada. The ‘dash’ 200C designation informs that
the bed temperature during the print process was held at 200°C to reduce thermal stresses. Figure 1 shows a
representation of the print orientation, the printed vertical bars (grey) and the machined compression
specimens (blue).
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Figure 1. Print orientation for vertical compression samples.



High Strain Rate Test

This study is focused on the shock loading behaviour, which was investigated using a Split
Hopkinson Pressure Bar (SHPB) at strain rates of 900/s, 1200/s, and 1700/s. All shock loading samples
were machined from vertical bars, as shown above, with dimensions of 10.5 mm high, and 9.5 mm in
diameter. Details regarding the shock loading test and related equations can be found in Tiamiyu et al.
(2015). Presented experimental results are the averaged curves of three repeated tests.

Texture

Undeformed texture measurements were completed by sectioned samples along the compression
direction. Using a Bruker D8 discover diffractometer with Co Ka radiation and VANTEC 500 area
detector, the compression plane of the samples was subject to X-ray diffraction (XRD) with sample
oscillation of 5 mm along the XY axis. The experimental {111}, {200}, and {220} pole figures are
presented in Figure 2. Mild texture is evident in the as-built state, with mild Cube and rotated Goss
intensities.

The simulated texture was generated using the open-source MTex software in Matlab and the
XRD data measured for the samples. The same pole figures generated from the simulated texture is also
presented in Figure 2, using 5000 crystal orientations to very closely match the measured texture.
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Figure 2. Experimental texture from XRD (top) and simulated texture using 5000 crystal orientations
(bottom).

RESULTS AND DISCUSSION

Using equation (1) in a Taylor-type polycrystal averaging scheme, the flow stress was calculated
for the three investigated shock loading strain rates and compared with experimental results. The
comparison is illustrated in Figure 3(a). In all three instances, the simulated stress-strain is able to model
the experimental stress-strain curve very will up to the second peak. The model does not consider the
softening beyond the second peak, which is not quite understood and still under investigation. It should
also be noted that the presented model does not include the effects of temperature increase during



compression, and assumes that the effect of temperature increase is sufficiently captured in the evolution of
critical plastic work during CRX.

The evolution of the critical plastic work W, was assumed to be a function of the volume of
crystals that have undergone CRX. The reasoning for this is that, a recrystallizing grain creates a local
stress relaxation, thus lowering the stress locally and decreasing the likeliness of neighbour grains
recrystallizing. Since the Taylor polycrystal averaging scheme does not account for neighbour grain
interactions explicitly, and therefore neighbour grains do not experience a stress relaxation, a fractional
increase in the critical plastic work can produce the same effect. The difficulty is determining this
evolution of W, as a function of volume fraction of CRX grains.

From the literature, it is known that recrystallization propagates through the material according to
an Avrami-type growth (Maire et al., 2017), where the initial rate of recrystallization is low, then rapidly
increases, then asymptotically decreases to zero as the volume fraction of CRX grains approaches 100%.
Therefore, it follows that the critical parameter to determine the onset of CRX, in this case plastic work,
should increase rapidly upon initial CRX, then reach a moderate steady state increase until a final rapid
increase up to 100% volume fraction. This type of behaviour was represented perfectly by an inverse sine
relationship, modified to include limits for minimum and maximum critical plastic work W/™" and W,™*,
respectively.

wmax 4 Wmin wmax _ Wmin
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The illustration of this evolution of W, versus volume fraction (VF) of CRX grains (equation (7))
is also presented in Figure 3(b). The model finds that W/™" and W/™** both increase with increasing strain
rate, as can be expected upon observation of stress-strain data where first and second peaks occur at
increasingly higher strains as strain-rate increases. This inverse relationship between critical work for CRX
initiation and strain rate also suggests that the CRX mechanism is diffusional, where higher strain rates do
now allow sufficient time for diffusional processes therefore the barrier for activation has an apparent
increase. This is also observed in analysis where temperature is decreased, resulting in an increased barrier
to recrystallization (Solhjoo, 2014).

Lastly, Figure 3(c) shows the simulated results for volume fraction of CRX grains versus total
strain. These predictions agree very well with the Avrami-type behaviour observed in continuous
recrystallization experiments (Jonas et al., 2009), where the onset of recrystallization occurs at higher
strains for increasing strain rate. Additionally, the recovery factors f,, for the 900/s, 1200/s, and 1700/s
strain rates were found to be 0.85, 0.84, and 0.60, respectively.
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Figure 3. Logarithmic stress-strain data and corresponding simulation results (top), as well as critical
plastic work evolution (bottom left), and volume fraction of CRX crystals vs. strain (bottom right).

CONCLUSIONS

A new and simple microstructure-based approach for modeling continuous recrystallization
(CRX) using a Taylor polycrystal averaging scheme is developed and used to simulate the mechanical
response and recrystallization during shock loading of AlSi10Mg-200C produced by DMLS. The model
employs a critical plastic work criterion as a barrier for CRX initiation, which evolves with volume
fraction of recrystallized grains according to an inverse sine relationship, and increases with increasing
strain rate. The model is able to simulate accurately the CRX behaviour of the impacted AlSil0Mg and
predicts the well-known Avrami-type relationship between volume fraction recrystallized grains and total
strain.
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