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Laser powder-bed fusion solidification of Ni-Nb alloys often Received 21 October 2019

results in cellular morphology in which the solute Accepted 31 March 2020

microsegregation was determined using experiments and

simulations, and the data obtained were utilised to explore Additi .
. . R X itive manufacturing;

the p.redlctlve capability of microsegregation quels. The microsegregation; phase-

experimental ‘ground truth’ was compared with high-  feld; regression; reification

fidelity phase-field simulations as well as with analytical

model predictions. Supervised statistical analyses, including

linear regression, polynomial regression, and model

reification were employed to understand the merit of these

approaches toward microsegregation estimation. The bias-

variance and accuracy-interpretability trade-off limits were

considered in the data analysis that was consistent with our

experimental findings.

KEYWORDS

1. Introduction

Laser powder-bed fusion (LPBF) metal additive manufacturing (AM) process
has significant advantages over traditional manufacturing and metal forming
routes [1-5]. Some of these advantages include design freedom for printing arbi-
trary shapes, improved material properties, minimal residual waste, and high
economy-to-cost ratio [1-5]. The primary beneficiaries of AM processes are
the aerospace and automobile sectors [1,4,6,7]. Ni-based superalloys, Ti-6Al-
4V, Al-10Si-Mg, and steels are some of the metallic alloys that are printed
widely via AM routes [1-8].

However, the full realisation of the potential of AM processes is impeded by
uncertainty regarding the reliability of the final material in service [5,7,9-11].
Some 47% of manufacturers surveyed indicated that the uncertain quality of
the final product was a barrier to the adoption of AM [12]. This is primarily
due to rapid heating and cooling during the microstructure formation processes,
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leading to significant variations and distributions of the key microstructural fea-
tures, and eventually uneven qualities of the final product [3,5,7,13]. Therefore,
microstructural evolution during AM processes is a critical stage that needs to be
assessed thoroughly. The typical morphology that often forms during laser
melting solidification processes is cellular in nature [1-4,8]. The key features
in a cellular microstructure that determine the properties of the final material,
particularly tensile strength and low-cycle fatigue life, are cellular spacing,
microsegregation, and the misorientation between cells [5,8,14]. We refer to
these microstructural features as the Quantities of Interest (Qols) critical for
material properties and behaviour in service. Let us consider microsegregation
for our present measurements and analysis. Microsegregation results due to
solute redistribution between the solid cell core and advancing solidification
front in the solidifying alloy melt-pool [15-18]. We use Ni-Nb as the sample
alloy material. Ni-Nb alloys show excellent mechanical properties and creep
resistance at elevated temperatures and thus are often used in gas-turbine and
jet-engine components [19]. Also, Ni-Nb is the most important binary analogue
of Ni-based superalloys because Nb segregates most severely due to its smallest
equilibrium partition coefficient among all the elements in the superalloy, con-
trolling the average solidification behaviour of the material [19,20]. The as-soli-
dified microstructures are further manipulated using appropriate post-
deposition heat treatment schedules to homogenise the variation and distri-
bution of the Qols for property and performance control [3,8,21].

Modelling and simulation can accurately predict microstructure Qols in a
solidified melt-pool [22-24]. The phase-field (PF) method has become a power-
ful technique for simulating complex AM microstructures [15,24-29]. The PF
method represents the microstructure phases and interfaces using single or mul-
tiple order parameter values to avoid explicit interface tracking and can be simu-
lated efficiently using massively parallel computer architectures (for reviews, see
[30-33]). We use PF simulations to simulate solidification microstructures that
arise for local thermal gradient (G) and growth rate (V) conditions in the soli-
difying Ni-Nb melt pool. These local conditions are predicted by macroscale
melt-pool simulations using finite element analysis (FEA) [34,35]. Besides
FEA-PF simulations, the analytical model of Kurz and Fisher (KF) [17] was
also considered to predict microsegregation. The emerging machine learning
(ML) and statistical analysis (SA) methods [36,37] including regression and
classification techniques [38,39] were further employed to analyse the microse-
gregation data obtained from the above numerical schemes.

Identifying key sensitive process and material parameters is the basis to
understand and model the microstructure Qols in reasonably accurate and
interpretable ways [40-42]. A statistical data analysis is used for this purpose
in which the variability of model inputs in terms of bias and variance contri-
butions on microsegregation were modelled. In addition to the statistical
schemes derived from PF, KF, and ML means, an information fusion or
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reification [43] across multiple models was also performed for a more accurate
estimation of microsegregation. In what follows, we first describe the LPBF
experiments that represent the ‘ground truth’ for microsegregation. These
measurements are then compared with simulations conducted with comparable
solidification conditions, followed by suitable regression and reification analyses
to model and approximate AM microsegregation.

2. Single-track experiments

Single-track LPBF experiments were carried out to approximate the ‘ground
truth’ for microsegregation using a 3D Systems ProX DMP 200 printer (fibre
laser with a Gaussian power distribution of wavelength 1070 nm and laser
beam size of 100 um. A Ni-5wt% Nb alloy, provided by Nanoval GmbH &
Co., was used as the powder as well as the substrate material. Various combi-
nations of laser power and scan speed values were used with a laser scan
length of 10 mm and 1 mm distance between the tracks. After the printing
process, cross-sections of the single-tracks were cut using wire electrical dis-
charge machining (EDM) and polished to 0.25um thickness using water-
based diamond suspension solutions. Kalling’s No. 2 solution (5 g CuCl,, 100
ml HCl, and 100 ml ethanol) was used to etch the printed Ni-Nb tracks to
reveal the optical microstructures under a Keyence VH-X digital microscope
that was equipped with VH-Z100 wide-range zoom lens. Scanning electron
microscopy (SEM) and wavelength dispersive spectroscopy (WDS) analyses
were performed with a CAMECA SXFive electron probe microanalyser that
was equipped with a LaBg electron source. Quantitative WDS composition
maps were obtained with a nominal setting of 15kV, 100 nA, and 110 pus pixel
dwell time with a 0.1 pm step size. The WDS composition maps were analysed
further to extract the elemental distribution within the solidification
morphology.

The optical microscope reveals the solidified melt pool shape and boundary
for different laser parameters (Figure 1(a)), and the SEM analysis reveals the
morphology at different locations in the melt pools (Figure 1(b)). Note that
the solidification morphology can be widely different across melt pool locations
due to different local conditions; of which we present here only two snapshots
for representation. Solidification grains with a cellular morphology is often
observed that is sometimes difficult to distinguish between a transition mor-
phology from planar to cellular or vice versa. We explore the variation of
average composition measured across locations in the solidified grain mor-
phology that is used as the ‘ground truth’ to compare with numerical simu-
lations. Although not shown here, WDS measurements were used to estimate
the composition variation in morphologies in which the composition profile
was extracted as a function of solidification distance x (Figure 1(c)). The non-
equilibrium microsegregation (k,) was approximated from these profiles using
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Figure 1. (Colour online) (a) Optical microscopy reveals the solidified Ni-Nb melt pools for
different laser parameters. (b) The SEM analysis reveals the typical solidification grains at
different locations in the solidified melt pool. Typical location-specific morphologies are cellular,
planar, and (planar to cellular) transition that depend on the local G and V conditions in the
molten pool. (c) The variation of Nb along the dotted lines is approximated from the correspond-
ing WDS maps of the solidified morphologies.

a calculation of the dimensionless ratio of Nb in the solid (<5 wt%) and Nb in the
liquid (>5wt%), obeying steady-state solidification [15-18]. In all our exper-
iments and analyses, k, varied between 0.6 and 0.8 with a mean value of 0.72
and standard deviation of 0.1. A synthetic data set was created using these stat-
istical metrics to compare with our simulation results. On average, our measure-
ments of Nb microsegregation reasonably agree with other related LPBF
experiments [26,28,44,45] conducted on Ni-Nb alloys.

3. Simulation details

We used a design-of-simulations approach to validate the k, data approximated
from the above LPBF experiments. An idealised multi-level FEA-PF simulation
framework (Figure 2(a)) is employed. In particular, the forward approach is con-
sidered in this work to model the effects of inputs (say, X;) on the output Y = k,.
Our 3D FEA thermal model [46,47] employed the standard implementation of
heat transfer (including conduction, natural convection, radiation, and evapor-
ation), boundary conditions, thermophysical properties, and process parameters.
The FEA simulations were performed in COMSOL [48] heat transfer module for
the varying values of laser power between 30 and 300 W and scan speed between
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Figure 2. (Colour online) (a) A schematic of the overall simulation framework (‘'big picture’) is
illustrated. Red represents methods, and blue represents model inputs. The forward analysis pro-
pagates the effects of inputs onto output (k,) in a top-down manner. A desired Qol in the
bottom-level can be obtained after manipulating the parameters at the top-level in an
inverse problem. Approximate models are statistical models. Although not considered here,
material property inputs can be estimated from CALPHAD [51] and atomistic simulations [52]
for realistic analysis. (b) The FEA simulations estimate G and V in the melt pool as a function
of the solidification distance. (c) The values of G and V input to the PF model to simulate cellular
morphology in which the microsegregation is determined and modelled using suitable statistical
methods.

0.05 and 2.5m ™! that correspond to LPBF of Ni-Nb alloys. The solidification
parameters — G and V - were extracted from the resulting melt pool liquidus iso-
therm as a function of the melt pool depth (Figure 2(b)), where G typically varied
between 2 x 10°Km™! to 5 x 10’ Km™! and V varied between 0.05 and 2.5 m
s~! for all the laser processing parameters employed. Next, a quantitative alloy PF
solidification model [49] with zero anti-trapping solute flux was employed to
simulate location-specific microstructures for the above values of G and V.
Further details of the PF model equations, model parameters, and alloy par-
ameters can be found in [47]. Ignoring curvature effects, k, was determined
from all our simulations following a Ni-rich cell along the line A-B-C (Figure
2(c)), using the dimensionless ratio of Nb at region A (cell core) and region B
(cell tip). Although the k, determined this way was used as a reference for our
statistical analysis, for a more accurate estimation of k,, the effect of cell tip cur-
vature (p) on k, by k,(1 — (1 — k,)do/p (dy is chemical capillary length) can be
included [18,50]. The value of k, is unique along the cells during steady-state for a
particular set of values of local conditions.

4. Statistical analysis

Parametric statistical methods are used in general to model the underlying
relationship between X; and k, given by: k, = f(X;) + € where f is some fixed
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but unknown functions that approximate k, and ¢ is a random error term. In this
work, we explore several linear and non-linear forms of f for the prediction of k,
and inference between X; and k,. Linear or non-linear regression of k, as a func-
tion of p inputs, X;, where i € {1, 2, ..., p}, is essential to model the sensitivity
of inputs onto the variability in k, [38,39]. The set X; is chosen as {G, V, D, I, k}
(Figure 3), where the material parameters — D the diffusivity of liquid, I' the
Gibbs-Thomson coeflicient (a cell-liquid surface tension related parameter),
and k the equilibrium partition coefficient — are considered from the Ni-Nb
phase diagram [53].

In our PF simulations, the values of X; varied between predefined ranges
(refer to Table 1 in Ref. [47]), resulting in (non-equilibrium) k, values
ranging between 0.7 and 0.9. These k, values are plotted as a function of one
of the predictors, k, in Figure 3(a). On average, the simulated k, falls within
the experimentally approximated k, range (0.6 + 0.1 <k, < 0.8 + 0.1). In
order to model the statistical effects of X; on k,, the baseline approach is to fit
the k, data using a simple linear regression (SLR) model [38] of the following
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Figure 3. (Colour online) (a) A scatterplot represents the PF-simulated output k, data as a func-
tion of the input predictor k. Such scatterplot representation for other predictors is not shown
here. On average, the PF data fall within the experimental observed k, range. The PF-simulated
k, data were fit using the SLR model (Equation (1)). (b) The sensitivity of the normalised SLR
coefficients for each predictor, as for k in Figure 3(a), was determined using the standard devi-
ation around the mean values of bias and variance. (c) The proportion of variance contributed by
each predictor on k, is calculated using PF and KF model predictions. (d) The KL and HD dis-
tances are small between experimental and PF data and are large between experimental and KF
predictions. (e) Interactions between the predictors were found insignificant in the MLR model
form (Equation (4)). (f) Accuracy of the MLR model decreased with the increasing degrees of
polynomial regression.
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form for each predictor i
K =By + BXi + €, (1)

where variance (3, signifies the mean of k,, bias 3; determines the linear relation-
ship between k, and X;, and € is the estimation error in the line of best (least-
squares) fit that represents the data on the scatterplot between X; and k, (Figure
3(a)). The absolute difference between the original model (PF) and the approxi-
mate SLR model (say, for X; = k) data sets of size N was estimated using the

metric of root mean square error (RMSE) [54]: \/(1/N) YN, [k, (i) — Ky (i)}’

= 0.19. The uncertainty associated during the estimation of 3, and f3; for each
X; is shown as error bar in Figure 3(b). Maintaining a bias-variance trade-off
[38,39] is essential for understanding the behaviour/error (cx bias® + variance)
of the prediction models. This is primarily controlled here by V and D
(Figure 3(b)), since their Pearson correlations with k, are in the opposite direc-
tion [47]. An analysis of the proportion of variance contributed by X; on k,
(Figure 3(c)) reveals that the effects of G and I' are small, while the effects of
V, D, and k are considerable, with the effect of k being the most significant in
the AM limit. The high variance attributed by k on k, can potentially be com-
pensated via a high bias imposed by {G, V, D, I'}. Therefore, each X; was con-
sidered for statistical modelling of k,.

A relatively large number (here, N =40) of PF simulations and in turn data
are needed for more accurate data analysis. However, PF simulations are com-
putationally intensive, and hence, minimisation of the simulation time is essen-
tial. Therefore, as an alternative to PF simulations, we explore the predictive
potential of the analytical KF model [18] to estimate k, following

ki =1— (1 — k)Pexp (P)E,(P) + €,, (2)

where E;(P) is the first exponential integral of the interface Péclet number
P =f(G, V,D,TI') [18]. The predictors in the KF model contribute equal var-
iance on k,, unlike the PF analysis (Figure 3(c)). While this can be intuitively
true for the low-V solidification limit, it rarely applies in the high-V AM
limit. Thus, the KF prediction is found to be ‘statistically’ far from both PF
and experimental data sets (Figure 3(d)). Although not shown here, this was
quantified using the asymmetric Kullback-Leibler [39] (KL) and symmetric
Hausdorff [55] (HD) distance metrics between the involved data sets, resulting
in ascending distance measures when compared between experimental measure-
ments and each of PF and KF predictions.

As the KF model did not represent the AM solidification data well and in
order to minimise repetitive PF calculations, a Gaussian process (GP) surrogate
model of the form (refer to [47,56] for the details of mean m, covariance c,
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correlation matrix X, and hyperparameter ® functions),
K| @~ GP(m(X;, k), d(Xi ky), 2) + €, (3)

was used to approximate the PF data set (Figure 4(a)). This led to significant gain
in run time, and the GP prediction lied at a ‘statistically’ smaller distance to the
experimental data when compared to the KF prediction. Although the GP model
may seem computationally inexpensive on the surface, it still requires the parent
PF k, data for training [56,57]. This leads to the GP a less interpretable model for
which inference is more challenging and thus less attractive from engineering
perspective. Alternative statistical models are therefore necessary for a reason-
ably accurate yet interpretable prediction of k,.

As an alternate heuristic approach, multiple least-squares regression (MLR)
[38,39] was used as a baseline to model k,, which is given by

P p p-l
K=o+ Y BiIX{ 4+ D) BiXiX! + em, (4)
i=1

i=1 j#i

where (3; are the coefficients, X; the predictors, and d the degree of polynomial.
In such a generalised additive model (GAM) form [38], each X; contributes
through synergies (3_X;) and interactions (3, ,; X;X;). Although not shown
here, a linear combination of synergies with d=1 reduces the variance of k, sig-
nificantly. When the binary and higher order interactions among X; were con-
sidered, the accuracy of the MLR model decreased with the increasing values of d
(Figure 3(e,f)). Therefore, the most efficient MLR model was found to be of the
form: k' = By + BsG + ByV + BpD + BrI' + Bk with RMSE = 0.09. We
wish to note that the KF model (Equation (2)) can also be expressed in the
above MLR form for the sake of generality and without much loss of accuracy

1 ification of phase-field and analytical outputs
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@ PF
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Figure 4. (Colour online) (a) A GP surrogate model (Equation (3)) is used to approximate the PF-
simulated k, data. On average, the GP prediction closely follows the PF data (RMSE = 0.03). (b)
Information fusion of the PF and KF data sets was employed following Equation (5) to derive a
more accurate prediction of k. Since the experimental data showed relatively good agreement
with the high-fidelity PF model prediction, the reified mean is attracted toward the PF data.
Overall, as a reference to the experimental data, the MR prediction has lower RMSE (=0.06) com-
pared to MLR forms of PF (RMSE = 0.09) and KF (RMSE = 0.16). The reified mean is presented
along with the 95% confidence interval, which, on average, captures all experimental data
points. (c) The accuracy of various numerical models is compared with reference to the
ground truth.
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(RMSE = 0.16). Since our MLR data sets lie on a 5-D hyperplane, which is
difficult to visualise, it is not shown here.

With an aim to derive a more accurate statistical model to predict k,, the MLR
forms of PF and KF models (or, the model data sets) were combined together
using a recent model reification (MR) approach,

k{, = Clkz + Czk;n + Ef, (5)

where ¢; and ¢, are constants estimated via machine learning. MR is an infor-
mation source fusion methodology that elevates each available information
source k% (Equation (2)) and k] (Equation (4)) to the role of ‘ground truth’ in
turn so as to enable the estimation of correlations between the discrepancies
of each information source from actual ground truth. This process, detailed in
[43], when implemented in MATLAB [58] provides a fused information
source (Figure 4(b)) with lower variance and bias from any of its constituent
sources. Thus, depending on the model sources, MR approach can potentially
lead to the best representation of k,.

5. Summary and outlook

We reviewed suitable statistical models to represent microsegregation that was
estimated by LPBF experiments and validated by FEA-PF simulations. The pre-
diction accuracy or flexibility of these models decreased following GP, MR,
MLR, KF, and SLR, while the model interpretability increased in the reverse
order (Figure 4(c)). Our work can be further improved in the following key
directions. Prediction accuracy and model interpretability can potentially be
improved when the least-squares fit applied to the data for a reduced number
of predictors that are determined after suitable subset selection, regularisation,
and dimensional reduction techniques [38]. Fully non-linear ML methods
such as bagging, boosting, and random forest may yield a more accurate predic-
tion of k,, although at the expense of less interpretability for which inference is
even more challenging [38,39]. Suitable ML approaches such as compressed-
sensing are necessary to assess the performance of the above models for a
given data set and size [59]. Finally, for improved quantitative analysis, a large
number of observations are needed. In this way, a statistical basis for AM micro-
structural features extraction and interpretation can be established toward rapid
engineering decision and policy-making, which will help to identify nominal in-
process microstructure-property space of the AM metal alloy for which overall
processing time and cost are optimal.
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