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What do both ceramic coffee cups and massive icy glaciers have in
common? The answer lies in their material genesis: Both turn into a
dense material by the same processing route, even though one starts
from ceramic particles and the other from snow flakes. Remarkably,
this transformation occurs at radically different temperatures and
length scales. The underlying process is called sintering. In contrast
to the natural sintering of glaciers, coffee cups are a result of hu-
mans having co-opted this process for millenia in order to develop
new materials. Over the course of history, this process has radically
influenced the technical and social evolution of mankind by en-
abling us to settle down and handle metals. Nowadays the sintering
process is even more widely used, enabling various applications in
electronics, mobility and health care [1]. Despite the commercially
successful usage of the sintering process, we still need to calibrate
the process parameters for new materials and applications, which
is expensive and time-consuming. This calibration is necessary to
control the inner structure of the material, called microstructure.
Controlling the microstructure allows tuning material properties,
such as mechanical strength, optical transparency and electrical
conductivity, in such a way that the application requirements are
met. A detailed understanding of the linkages between the process
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parameters and the structural characteristics is therefore necessary
to efficiently predict the microstructure required by the application.
However, the prediction of the microstructural evolution during
sintering is a challenging task, due to multiple simultaneously in-
teracting processes related to the combined densification and grain
growth in three-dimensional geometries. This complex evolution
can be divided into three temporally overlapping stages [1] as de-
picted in fig. 1 with our simulation results. Initially, as fig. 1 (a)
shows, the loose particles bind together by the formation of necks.
In the intermediate stage, fig. 1 (b) and (c), the structure densifies
and simultaneously the grains grow. In the final stage, after in-
terconnected gas channels inside the structure have vanished and
only isolated pores remain, grain growth impeded by isolated pores
takes place. For simple geometries, analytical models can predict
the microstructural evolution of sintering separately for each of
the stages [1]. More complex geometries can be resolved with the

Figure 1: Evolution of a particle packing due to the sintering
process simulated with the phase-fieldmethod, showing the
simultaneous densification and grain growth process. The
domain size with 2 400 × 2 400 × 2 400 voxel cells is initially
packed with 1 191 901 individual particles of different sizes.
The simulation was calculated on up to 168 000 cores of the
Hazel Hen supercomputer.
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phase-field method, which can be coupled to various physical phe-
nomena over all three stages. While the phase-field method (PFM)
is a powerful tool to simulate such processes, it is computationally
expensive for a stencil code [2]. Apart from this principal point, the
problem of sintering introduces three challenges for simulations.
First off, powders commonly have a log-normal size distribution
with the smallest particles (nm) needing to be resolved at the same
scale as the largest particles (µm). In turn, the large number of
individual particles required to reproduce this distribution needs
a large number of degrees of freedom in the phase-field method.
Finally, the modelling of the mass transport pathways during sin-
tering requires transport mechanisms which act at vastly different
time scales. All three problems need to be addressed while solving
both the phase-field ∂tϕα and mass transport equations ∂t µ in
huge domains on large time scales to investigate the microstructure
evolution.

In the phase-field model, each particle corresponds to a single
space and time dependent phase-field variable ϕα whose evolution
is solved on a discrete grid consisting of voxel cells. Hence there are
N independent evolution equations per voxel cell which results in
a multi-million particle simulation containing millions of degrees
of freedom per cell (N > 1 × 106). This makes direct calculation
inaccessible with respect to memory as well as computations. Thus
the simulation of sintering requires dramatically more degrees of
freedom than previous Gordon Bell papers [2, 3] related to phase-
field simulations.

The third problem, the differences in the time scales, becomes
apparent with the mass transport equation as given in [4]. The mo-
bility termM(ϕ, µ,T ) implies two dynamic regimes: a slow volume
transport in the bulk phases (∼ 1 × 10−14 m2/s) and a fast transport
along boundaries (≳ 1 × 10−11 m2/s). Since phase-field evolution
equation operates on the time scale of the volume transport but
the time scale of the mass transport equation is dominated by the
fast boundary transport, the two equations operate at vastly dif-
ferent time scales. The numerical treatment of the different time
scales together with the required long integration times to simu-
late the full sintering process from an initial powder to the final
stage of grain growth results in a computational challenge. To solve
this computational challenge, a massively parallel solver based on
the model in [4] is optimized on various levels ranging from the
model, the time integration, the application, the parallelization
and down to the hardware. A scheme, called local reduction of
order-parameters (LROP), to allow an arbitrary number of phases
with constant memory and runtime complexity is implemented.
The inter-node communication is realized with MPI and exploits
communication hiding to overlap calculation and communication.
These optimizations allow to efficiently solve huge domains with
many degrees of freedom.

Finally, the combined problem of different time scales and long
integration times is solved by applying implicit methods on the
∂t µ-equation. As the mass transport equation reduces to a linear
diffusion equation plus a source term for the parabolic approxima-
tion of order-parameters though, standard implicit schemes can be
efficiently used for its integration in time. In contrast, a fully im-
plicit discretization in time of the phase-field evolution equation is
also subject to timestep restrictions due to the non-convex contribu-
tions from the bulk potential. The moderate ratio of interface width

to grid spacing however leads to an acceptable admissible timestep
for the forward Euler scheme. Furthermore, this timestep is not
significantly smaller than the estimates for an implicit scheme due
to the penalization of triple-phase contributions in the potential.
We therefore chose to maintain an explicit scheme for the integra-
tion of phase-field evolution equation, as it is both simpler in its
implementation and known to scale well. This intermediate choice
of the timestep has the additional advantage of keeping the diffu-
sion problem in the mass transport equation relatively localized
and well-conditioned, despite the large differences in the mobili-
ties, enabling the use of lightweight solvers without a mechanism
for the global transfer of information such as a coarse grid. The
following schemes were implemented and analyzed beyond the ex-
plicit, Jacobi (JAC) and Jacobi-preconditioned conjugated gradients
(PCG). Since all of these schemes involve global communication
for the residual, the convergence behavior over time was analyzed.
It was found that after an initial period of higher iteration counts,
the Jacobi scheme required less than 8 iterations per time step for
the rest of the simulation. Therefore we also implemented a Jacobi
scheme with a fixed number Z of iterations (JACFIXZ ) in order
to remove the need to compute the residual and hence avoid the
global communication.

In order to reach the peak performance of modern CPUs, single
instruction multiple data (SIMD) operations are necessary. Auto-
matic vectorization of the kernels by compilers fail due to the
complexity of the kernels and the employed data structure for the
LROP concept. Therefore we manually vectorized both evolution
equations using vector intrinsics. Additionally, this approach al-
lows further optimizations using domain and model knowledge to
simplify the vectorized code. For the phase-field evolution equation
we calculate the update for every present phase-field at once. De-
pending on the number of locally active phase-fields (LPI), different
kernels are selected. The kernels are all based on the same vector
pattern, which allows re-use of the vector for all terms in the phase-
field evolution equation. Due to the ordering of the LPI vector and
the class concept, the interaction vectors for the parameters can
be constructed once and then re-used for the whole simulation, i.e.
manual constant folding is done. This further reduces the required
memory accesses for the interaction parameters.

In our contribution, we present a combined solution of a phase-
field model and a highly optimized solver to investigate solid-state
sintering in statistically representative domain sizes, with an ar-
bitrary number of particles. Speedups of 1 736 (JACFIX8) and 646
(PCG) compared to the common C code for the time-to-solution
are obtained using a ratio of 64 between the explicit timestep to
the implicit timestep. Relative to the optimized explicit-only ap-
plication speedups of 52.3 (JACFIX8) and 19.5 (PCG) are achieved.
Accounting for the single-core performance we achieve 13GFLOP/s
(32.5% peak) in the explicit case, 11.3 GFLOP/s (28.2% peak) for
JACFIX8, and 6.79 GFLOP/s (16.9% peak) for PCG. Almost ideal
scaling behavior with up to 98 304 cores on Germany’s largest super-
computers, the Hazel Hen at High Performance Computing Center
Stuttgart (HLRS) and SuperMUC-NG at the Leibniz Supercomput-
ing Centre (LRZ) are achieved. Based on this code, a extreme scale
simulation with a 2 4003 voxel cells domain containing 1.19 million
particles could be simulated using 168 000 cores on the Hazel Hen
supercomputer.
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