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Abstract

This study explores the development of residual stresses in additively manufactured FeSi—Inconel 625 composites con-
solidated via hot isostatic pressing (HIP). Residual stress distributions were measured, and a finite element model (FEM)
of the HIP process was developed to quantify the contribution of key mechanisms responsible for stress evolution. The
model accounts for the mismatch in thermal expansion coefficients, thermal conductivities, and plastic deformation behav-
iour between the constituent materials. After validation against experimental data, the model was extended to simulate
HIP consolidation of the individual materials. The results offer valuable insights into stress development during HIP and
provide a framework for optimising the design and manufacturing of multi-material components.

Keywords Residual stress - Modelling - Composites - Additive manufacturing

1 Introduction

The advancement of additive manufacturing (AM) in elec-
tromechanical applications has enabled the design and
production of complex, high-performance components for
electrical machines [1, 2]. These include topologically opti-
mised stators, rotors, and windings that improve efficiency
while minimising material usage and enhancing recyclabil-
ity [3]. One of the significant remaining challenges in AM
is the fabrication of multi-material components, particu-
larly the integration of magnetic and non-magnetic materi-
als within a single structure. Successfully addressing this
challenge could lead to a paradigm shift in the production
of rotors for high-speed synchronous reluctance machines,
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enabling significant expansion of their operational speed
range.

Previous studies [4] have investigated topologically opti-
mised rotors for synchronous reluctance machines, incorpo-
rating magneto-mechanical optimisation to increase torque
and reduce mechanical stresses simultaneously. These
developments have spurred growing interest in multi-mate-
rial designs [5], particularly axially laminated anisotropic
(ALA) rotors [6]. ALA rotors comprise alternating layers
of magnetic and non-magnetic materials, forming a solid
structure that provides enhanced mechanical integrity and
reduced stress concentrations compared to conventional
laminated rotors. However, material selection and pro-
cessing compatibility remain key challenges despite these
advances [7]. Reviews and recent surveys on metal-matrix
composites and multi-material AM emphasise the promise
of AM for functionally graded and laminated structures,
while highlighting persistent issues such as porosity, inter-
facial bonding, processing-induced anisotropy, and thermal-
mismatch-driven stresses [8, 9].

Components produced by laser-based additive manu-
facturing often require extensive post-processing [10],
such as annealing, to relieve residual stresses. Thus, hot
isostatic pressing (HIP) directly addresses these issues by
healing internal porosity and relieving processing-induced
residual stresses, making it an essential post-processing
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step for additively manufactured metallic composites [11].
HIP applies uniform high pressure and temperature to
promote pore closure, reduce microstructural anisotropy,
and improve key mechanical properties, including ten-
sile strength, ductility, fracture toughness, and fatigue
resistance [12]. Experimental work on LPBF Inconel 625
with intentionally induced defects demonstrates HIP’s
effectiveness in reducing defect size and count, markedly
improving fatigue behaviour — for example, increasing
the long-crack threshold stress intensity factor from ~ 7 to
~9 MPa'm? — although near-surface defects may persist
[13]. Industry reports further describe innovations in HIP
process parameters and bonding strategies that enhance
densification and interfacial strength in complex multi-
material builds [14, 15].

Nevertheless, thermal and elastic mismatches between
dissimilar materials (e.g., FeSi and Inconel 625) can
induce complex residual stress states during the HIP
cycle, particularly upon cooling and pressure release
[16, 17]. Systematic reviews on AM metal-matrix com-
posite fabrication identify porosity, interfacial reactions,
coefficient-of-thermal-expansion mismatch, and micro-
structural anisotropy as significant uncertainties affecting
the mechanical performance of multi-material AM parts,
motivating combined experimental and numerical inves-
tigations to better understand stress evolution during HIP
and optimise process parameters [8, 9].

Despite these advances, a gap remains in systematic
studies that integrate detailed experimental residual stress
characterisation with finite element modelling of HIP in
multi-material AM composites, especially for soft magnetic
steels like FeSi combined with high-temperature alloys
such as Inconel 625. Existing literature primarily focuses on
either porosity reduction or mechanical property improve-
ments, rarely combining both perspectives with modelling
of thermal and deformation mismatches.

Moreover, most previous HIP-FEM studies have dealt
exclusively with single-material systems [10, 12, 16, 17]
and do not address the complex thermo-mechanical inter-
actions that arise in multi-material HIP consolidation. No
experimentally validated model currently exists for HIP
of dissimilar metallic materials. This study aims to close
this gap by developing and validating a coupled thermo-
mechanical FEM model for FeSi—Inconel 625 composites,
supported by residual stress and porosity measurements.

This study aims to fill this gap by (i) experimentally
quantifying residual stresses and porosity before and after
HIP in laser powder bed fused FeSi—Inconel 625 compos-
ites, and (ii) developing and validating a finite element
model of the HIP process incorporating thermal mismatch
and deformation mismatch effects. The methodology com-
bines high-energy X-ray diffraction (XRD) for residual
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stress measurement, X-ray computed tomography (XCT)
for 3D porosity analysis, and FEM simulations reproducing
the temperature—pressure—cooling cycle of HIP with realis-
tic material properties and boundary conditions, supported
by sensitivity analyses.

The main results include residual stress distribution
changes, porosity evolution, and correlation between
experimental data and model predictions. These findings
are expected to provide quantitative guidance for optimis-
ing HIP parameters in multi-material AM components. The
outcomes have direct applications in designing high-perfor-
mance rotors for synchronous reluctance and other electrical
machines, where integration of magnetic and non-magnetic
materials with controlled residual stresses can significantly
enhance operational speed, efficiency, and service life.

2 Manufacturing and modelling
2.1 Manufacturing process

The hot isostatic pressing (HIP) process for metal powder
fabrication consists of the following stages:

1. Deposition of Multi-Metal Powder: The selected metal
powders are deposited into a sealed can, forming the
initial preform. This preform is designed to account for
an approximately 60% reduction in volume during the
densification process.

2. Deposition of Support Powder: A layer of support pow-
der is applied around the preform to ensure structural
integrity throughout the pressing process.

3. HIP Processing: The encapsulated preform is subjected
to elevated temperature and pressure within a HIP
chamber, following a predefined cycle tailored to the
material system. This process promotes densification
and reduces internal defects.

4. Cooling and Machining: After the HIP cycle, the work-
piece is cooled under controlled conditions and subse-
quently machined to achieve the final dimensions and
required surface finish.

Figures 1 and 2 illustrate the HIP setup, the applied thermal
and pressure cycle, and the initial geometry of the samples
with surrounding support powder.

The materials for HIP fabrication were selected based on
their mechanical compatibility and the availability of pow-
der form (Table 1). FeSi is the most widely used soft-mag-
netic alloy for additive manufacturing in electrical machines
[18, 19] due to its favourable magnetic properties. At the
same time, Inconel 625 offers excellent strength, corrosion
resistance. Thermal expansion coefficients for these two
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Fig. 2 Multi-metal samples with supporting powder for HIP

Table 1 Expected material properties (at 20 °C)

Pressure (MPa)

Parameter Value

FeSi Inconel 625
Young’s Modulus (GPa) 210 204
Tensile Yield Strength (MPa) 367 414
Tensile Ultimate Strength (MPa) 490 827
Thermal Expansion Coefficient (107%/K) 11.27 12.3
Density (kg/m®) 7350 8400
Saturation Flux Density (T) 1.8 -

materials are sufficiently close (11.3 x 107¢ K™ vs. 12.3 x
10¢K™) to avoid a significant increase in stress at the inter-
face, ensuring stable bonding during HIP. However, FeSi
presents specific challenges: increased Si content leads to
brittleness [20], and surface oxidation or FesSi phase forma-
tion complicates both processing and stress evaluation.

2.2 XRD and XCT

Residual stresses in the HIP-processed samples were mea-
sured using the X-ray diffraction (XRD) technique based on
the sin? 1) method [21]. This nondestructive technique relies
on the elastic deformation of the crystal lattice, which causes
changes in interplanar spacing d and corresponding shifts in
diffraction peak positions (Fig. 3) according to Bragg’s law:

2dsinf = A\ (1

where 6 is the diffraction angle and A is the X-ray wave-
length; any elastic strain alters d, leading to a shift 6.

To determine the lattice strain €y, the change in interpla-
nar spacing at different tilt angles v is measured:

dy —d
ey =~ 2)

where d is measure of the lattice spacing at the tilt angle
1, and dj is the stress-free lattice spacing.

The residual stress is then calculated from the slope of
the linear relationship between e, and sin?¥:

E B (3)

where A represents the strain offset (related to the stress-free

lattice spacing), F is Young’s modulus, v is Poisson’s ratio,

B = % is the slope of the strain vs. sin? 1) curve.

Fig. 3 Principle of XRD stress measurement (A) ¢ = 0, B) sample
rotated through some known angle ¥ = 1)o) [21]
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This method assumes a plane stress condition [21], which
is valid for surface-near measurements where the stress nor-
mal to the surface is negligible. Consequently, this method
determines only the in-plane components of residual stress.

The XRD technique is sensitive to elastic strains within a
depth of a few microns [21], making it particularly suitable
for assessing surface residual stresses caused by thermal
gradients and plastic deformation during the HIP process.

To evaluate the porosity after HIP, X-ray computed
tomography (XCT) was performed on representative sam-
ples of the FeSi—Inconel composite. XCT enables non-
destructive three-dimensional imaging of internal structures
with micrometre-scale resolution, making it well-suited for
characterising voids and defects resulting from the additive
manufacturing process.

The scans were carried out at an accelerating voltage of
180 kV and a tube current of 50 uA, with a power setting
of 9 W. A 1.0 mm copper beam filter was applied to reduce
beam hardening effects. Images were acquired with a
voxel resolution of 9 um. For each scan, 2700 angular
projections were recorded; at each angle, a single 1000 ms
exposure was averaged over three exposures to improve
signal-to-noise ratio. The total scan time per sample was
180 min. The first two samples were scanned simultane-
ously with a vertically extended field of view, resulting in
a total scan time of 360 min (180 min per sample). Beam
hardening correction was applied with a coefficient of 8
(on a dimensionless scale from 0 to 10), and no ring arte-
fact correction was used.

The reconstructed volumetric images were binarised and
processed to quantify the porosity. A thresholding technique
was applied to separate solid material from voids, followed
by morphological filtering to eliminate noise. The total
porosity was then computed as the ratio of the void vol-
ume to the total volume. This quantitative data was used to
estimate the final porosity, validating the predicted porosity
evolution during HIP.

2.3 Modelling of the HIP process

The FEM model for the pressing process is based primarily

on the multiphysics relationship between two physics: Heat

Transfer and Solid Mechanics. It is also worth noting that all

physical properties of materials are temperature-dependent.
The equilibrium mechanical equation is written as:

V.-o=f, 4)

where f, is the volumetric force vector,o is the stress
related to the strain e through Hooke’s law:

o =FE:(e —ePl—eth) %)
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FE being the 4th order elasticity tensor. Assuming small
strains, one can write

€ :%(VU-I-VUT) (6)

Where w is the displacement vector, € P and € "plastic and
thermal strain. In turn, thermal strain is expressed as follows

e = o (T)(T - Ty)I (7)

where [ is a second-order unity matrix, « is the material’s
thermal expansion coefficient, 7" and Ty are the working
and initial temperatures, respectively.

The Gurson—Tvergaard—Needleman (GTN) porous plas-
ticity model was chosen to describe the shrinkage and den-
sification behaviour of the powder materials during HIP.
This model is widely used in modelling porous metal com-
paction [22] because it can accurately capture the influence
of void nucleation, growth, and coalescence on the over-
all plastic deformation. Compared to the classical Gurson
model, the GTN formulation introduces calibration param-
eters that improve predictive accuracy while maintaining
relatively good numerical stability. In contrast to more com-
plex advanced sintering or damage models, GTN provides
a balanced compromise between computational efficiency,
convergence robustness, and physical realism. Moreover,
it requires fewer experimentally derived material param-
eters, making it suitable for systems with limited complete
experimental characterisation, such as powder-based com-
posite materials. The classical von Mises yield function is
then modified to the GTN vyield function to introduce the
volume void fraction f in the mechanical behaviour and is
expressed as:

3J2

I
onw(ler = ( ’) + 2q1fgcosh <q2 L
g f

E) —os(+af’)  (8)
where J, = 1(5: S) is the second invariant of the devia-
toric stress tensor; Iy = tr (o) is the first invariant of the
Cauchy stress tensor (related to hydrostatic stress); o s is
the stress of the matrix material; f. is the effective void vol-
ume fraction; q1, g2 and ¢3 are model parameters describ-
ing the void interaction and coalescence behaviour (usually
for metal powders ¢; = 1.5, ¢ = 1, ¢z = q12).

To describe the mechanical behaviour of the zirconium
sand, which serves as the support powder during HIP, the
Drucker—Prager (DP) plasticity model is used, as it is suit-
able for granular materials and captures pressure-dependent
yielding. The yield function is defined as:

Qsand = 0 mises + Q10 m — O ys (9)
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where o ,,ses 18 the von Mises equivalent stress, o ,, is
the mean (hydrostatic) stress, a; is the pressure sensitivity
parameter of the material, o , is the yield stress.
The plastic strain rate follows an associated flow rule:
2Q

=255 (A= 0,Q < 0,AQ=0) (10)

where A is the consistency parameter ensuring the yield
condition remains satisfied during plastic loading.

The heat transfer during the HIP process is governed by
the transient heat equation, including conduction and advec-
tion terms:

00,24 pCu, VT 4V = Q (1)
where p material density; C), specific heat capacity at con-
stant pressure; u,, velocity field (typically negligible in solid
materials); ¢ = —kV T is a heat flux and & is the thermal
conductivity of the material; @} heat source.

The finite element model of the HIP process is shown in
Fig. 4, featuring the mesh generated from the original com-
ponent design (see Fig. 2). To reduce computational com-
plexity and suppress rigid-body motions, three symmetry
planes were applied. These symmetry boundary conditions
enforce zero normal displacement and zero normal heat flux
on the corresponding boundaries.

A mesh sensitivity analysis was conducted to ensure
mesh-independent results. Three different mesh densities
were tested, and the final mesh was selected based on a
compromise between accuracy (less than 2% variation in
maximum stress values) and computational cost. The final
mesh contains 33,851 elements (Fig. 4).

un=0
_n.qzo

Fig.4 FEM model of HIP (gray — Inconel625, yellow — FeSi, support-
ing powder — zirconium sand)

The simulations employed the time-dependent solver
with a Fully Coupled approach, using the PARDISO
direct linear solver combined with the Automatic Newton
nonlinear solver method, which is well suited for tran-
sient nonlinear multiphysics problems. Solver tolerances
were set to a relative tolerance of le-4 and an absolute
tolerance of le-6. A fixed time step of 0.01 h was chosen
to prevent abrupt jumps in plastic deformation, with each
time step typically converging within 1 to 3 nonlinear
iterations.

Material properties were assigned as temperature-
dependent, based on literature data and experimental
measurements. The interface conditions between FeSi and
Inconel 625 resulted in perfect bonding without slip or
delamination.

3 Results and comparison

All simulation results presented in this paper were obtained
using COMSOL Multiphysics software. The work was car-
ried out on a PC with the following specifications:

® Processor — 12th Gen Intel(R) Core (TM) i5-12600 K
3.70 GHz.

e Installed RAM — 32 GB.

e System type — 64-bit operating system.

e Windows — Windows 10 Education.

Table 2 shows the comparison of the computational mesh
sensitivity analysis.

The results indicate that while the Extra Fine mesh
significantly increases computational cost (over 3% lon-
ger than Fine), the change in key output parameters (von
Mises stress and porosity) compared to Fine is negligible
(<0.5%). Therefore, the Fine mesh was selected for all
simulations as it provides a good balance between com-
putational efficiency and accuracy, ensuring mesh-inde-
pendent results.

Table 2 Mesh sensitivity analysis

Parameter Mesh
Normal Fine Extra

fine
Number of elements, [-] 15,076 33,851 106,667
Computational time, [min] 30 47 174
von Mises’ stress in the probe 319 243 244
point, [MPa]
Porosity in the probe layer, [%] 4 4.86 4.8
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3.1 Shape comparison

Since the main objective of this study is the production and
characterisation of composite material, the primary focus
of the analysis is placed on the composite specimens. The
first comparison was performed for the horizontally ori-
ented composite to assess the accuracy of the predicted
workpiece dimensions after HIP. Figure S presents the hori-
zontal dog—bone—shaped composite after HIP alongside its
numerically modelled counterpart. Table 2 summarises the
comparison of key geometric parameters, highlighting the
agreement between the experimental and simulated results.

As shown in Fig. 5, the developed model accurately cap-
tures the shape distortions induced by the HIP process, includ-
ing those in regions with sharp geometric transitions. Table 3
demonstrates good agreement between the simulated and
experimental results. The observed discrepancies are mainly
due to the absence of a metallic container in the model and
deviations between the actual properties of the powder mate-
rial and those reported in the literature. The container was
intentionally excluded to avoid introducing complex contact
interactions between the metal, the powder, and the support-
ing zirconium sand, as such interactions significantly increase
computational cost and often lead to convergence issues. For
this reason, the focus was placed on modelling the workpiece
and its supporting medium, which still yielded sufficiently
accurate predictions for validation. It should also be noted
that the omission of explicit contact conditions with the zirco-
nium sand and container does not significantly affect the pre-
dicted local strain and stress fields, as the HIP process applies
uniform hydrostatic pressure. The supporting sand deforms
together with the workpiece, acting as a compliant medium
with much lower stiffness than the metallic composite.

400

300

200

Fig.5 Comparison of the horizontal composite sample shape from HIP
(A) and from the FEM model (B), stress distribution in original hori-
zontal composite (C)
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Table 3 Geometric parameters comparison

Parameter Value

Experiment Model Difference
Length, [mm] 121.6 137 15.4 (12.6%)
Width of layered part, [mm] 18.2 22 3.6 (19.7%)
Depth, [mm] 20 23.5 3.5 (17.5%)

Furthermore, Fig. 5 (C) shows the von Mises stress
distribution obtained from the FEM model, revealing
stress concentrations precisely in the same regions where
fracture occurred in the experimental sample. This cor-
relation confirms that the model correctly predicts the
zones of maximum thermo-mechanical loading without
explicitly defining delamination or contact failure. The
observed fracture in the FeSi layer (Fig. 5A) can there-
fore be attributed to the mismatch in the coefficients of
thermal expansion between the constituent materials and
the constrained deformation caused by the surrounding
zirconium sand.

To mitigate this issue, the configuration was revised so
that the FeSi layers were fully enclosed by Inconel 625, as
shown in Fig. 4. Figure 6 presents a comparison between
the final shape of the modified sample with Inconel support
after HIP and the corresponding FEM simulation results. As
demonstrated in Fig. 6, the model reliably predicts the final
geometry of the sample, even when additional supporting
material is introduced.

A) B)

Fig.6 Comparison of the modified horizontal composite sample shape
from HIP (A) and from the FEM model (B)
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3.2 Residual stresses Table 5 Statistical quantification of the stresses
Material MAE (MPa) RMSE (MPa) R2
Measurements were taken at various points, as shown in  Inconel 625 362 40.9 0.73
FeSi 61.7 66.6 —-1.53

Fig. 7, within the composite.

As an example, this section highlights two representa-
tive data points from the complete set of measurements pre-
sented in Table 4.

For statistical evaluation of the obtained results, stan-
dard metrics were used: Mean Absolute Error (MAE), Root
Mean Square Error (RMSE), and the coefficient of determi-
nation ( R?), which are calculated as follows:

MAE = L5 N |M; - E,|
RMSE = /% 5 X,|M; - E[*
2 L IMEl

)
Z LllEi*E|

R?=1-

where M, is the model value, F); is the measured value, E is
the average of the measured values, NN is the number of points.

The comparison for Inconel 625 shows good agreement
between the experimental measurements and the devel-
oped model results. Notably, point B3 was located in a
region that had undergone post-processing, including mill-
ing and electrical discharge machining (EDM), to extract

Fig. 7 Measurement points in Inconel 625 (top) and FeSi (bottom) in
the horizontal cross-section of the composite. The points are labelled
using the format Xn-Y, where X indicates the side (A or B), n is the
column number, and Y is the row number

Table 4 Residual stresses comparison

dog-bone—shaped specimens. Table 5 shows that neither of
these machining operations introduced significant devia-
tions from the predicted geometry, indicating that the model
remains accurate even after local processing.

To quantitatively evaluate the agreement, key error
metrics were calculated. The mean absolute error (MAE)
between model predictions and measured stresses across six
measurement points is approximately 36 MPa, and the root
mean square error (RMSE) is around 41 MPa. The coef-
ficient of determination (R?) is 0.73, indicating a strong cor-
relation between the model and measurements. Considering
the experimental uncertainty ranges, which vary approxi-
mately between +28 MPa and +53 MPa depending on the
measurement location, the model predictions fall mostly
within or close to the experimental confidence intervals.
These quantitative error margins confirm that the model
adequately captures the stress state in Inconel 625 under the
tested conditions.

In contrast, the measurements for FeSi exhibit greater
uncertainty. This discrepancy is attributed to the presence of
a surface oxide layer and the formation of secondary phases
during processing. Although various cleaning methods
were tested, including citric acid treatment and electrolytic
etching, none proved sufficiently effective or consistent to
justify their application to all measurement locations. Rep-
resentative examples of the measurement data for FeSi and
Inconel 625 are shown in Figs. 8 and 9, respectively, illus-
trating the differences in measurement consistency and reli-
ability between the two materials.

Similar error metrics were calculated for FeSi. The mean
absolute error (MAE) was approximately 62 MPa, and the
root mean square error (RMSE) was about 67 MPa, which
are notably higher than for Inconel 625. The coefficient of
determination (R?) was negative (—1.53), indicating poor cor-
relation between model and experimental data for FeSi. This
suggests that the current model requires further refinement

Stress component Measurement location

Inconel 625 A2 A

Measured Model
0 90(MPa) 332+33 292
0 00(MPa) 116+28 150
FeSi

Measured Model
7 90(MPa) 122+47 50
o 00(MPa) 63+71 146

A4 B B3

Measured Model Measured Model
299+38 319 297+47 318
157+33 131 205+53 129
Measured Model Measured Model
75+80 33 —8+65 —65
86+£92 182 109+72 129
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XRD: d vs sin’y with linear fit and 95% confidence bands
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Fig. 8 X-ray diffraction results for FeSi obtained using a Stresstech
XStress 3000 diffractometer with CrKo radiation and two symmetri-
cally placed X-ray detectors. The plot shows interplanar spacing d vs.
sin” ); blue circles and green squares correspond to measurements

—Average trend (black)

from the two separate X-ray beams, and the respective linear regres-
sions are shown in red and blue. The black line denotes the average
trend. The average full width at half maximum (FWHM) of the fitted
diffraction peaks was approximately 4.3° (ranging from 3.57° to 4.45°)

XRD: d vs sin’y with linear fit and 95% confidence bands
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Fig. 9 X-ray diffraction results for Inconel 625. The measurement procedure and legend follow those described in Fig. 8. The average FWHM of
the FeSi diffraction peaks was approximately 2.1° (ranging from 2.0° to 2.3°)

to accurately capture the stress state in FeSi under the tested
conditions. Future refinements will focus on a more detailed
investigation of the metallurgical phases present in FeSi and
their integration into the constitutive description, which is
expected to improve the predictive accuracy of the model.
The FeSi sample exhibited broad data scattering and lim-
ited linearity in the d vs. sin? t/plot, resulting in a poorly
defined residual stress estimate. Moreover, the diffraction
peaks were asymmetric with noticeable shoulders, suggest-
ing the presence of a secondary phase, most likely Fe3Si.
In contrast, the Inconel sample demonstrated a consistent
and linear response, yielding a more reliable residual stress
value. The broader FWHM of Inconel peaks (4.16° on aver-
age, compared to 2.15° for FeSi) suggests either a finer grain
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structure or a higher density of crystal defects, such as dis-
locations. This interpretation is consistent with established
diffraction theory [23], although further investigation (e.g.,
transmission electron microscopy, TEM, or electron back-
scatter diffraction, EBSD) would be required to distinguish
the dominant mechanism. However, the single-phase nature
of Inconel and the absence of peak asymmetry suggest a
more homogeneous response to HIP processing. These
results confirm that Inconel retains a stable and uniform
microstructure post-HIP. In contrast, FeSi is more prone to
phase separation and heterogeneity, which adversely affects
its mechanical and magnetic properties.

Thus, only the Inconel 625 measurements can be con-
sidered reliable regarding model verification, as they



The International Journal of Advanced Manufacturing Technology (2025) 141:4361-4372 4369

demonstrate good agreement with the simulation results.
In contrast, the assessment of residual stresses in the FeSi
component remains inconclusive due to the presence of sec-
ondary phases and a persistent oxide layer. Further analy-
sis is required to accurately characterise these effects and
enable meaningful validation of the model for FeSi.

3.3 Porosity

For porosity quantification, cross-sectional optical images of
local sample areas were analysed. In total, three images were
acquired for each material, taken at different depths within
the sample to account for possible through-thickness varia-
tions in porosity. The scanned regions were 2 X2 mm in size,
providing a representative sampling area while maintaining
sufficient resolution (9 microns) for defect detection. The
images were processed using grayscale threshold binarisa-
tion, where a fixed threshold value was applied to distinguish
pores from the matrix material. This approach allowed for
consistent pore area fraction calculation across all samples.

Figure 10 presents the original tomography image used to
evaluate the porosity of the composite sample. Figure 10.B illus-
trates the image processing workflow, which includes region
selection, grayscale conversion, and subsequent binarisation.

Following binarisation, the total number of pixels is
compared to those exceeding a predefined threshold value.
The ratio of these pixel counts is used to estimate the mate-
rial’s porosity.

Original Tomography

Gray Scale

Binarized image

Fig. 10 Original sample’s tomography (A) and binarisation of a
tomography scan (B)

Fig. 11 Porosity (in %) from the

Multiphysics FEM model A 9.88

-

o

OHFHNWRUONO®O®OE

V¥ 1.02

Table 6 Geometric parameters comparison

Image Porousity, %
1 5.1

2 4.9

3 5.17

Figure 11 shows the distribution of porosity in the FEM
model.

The comparison was made for a single Inconel layer by
averaging the porosity value over the domain. In this case,
the composite porosity was approximately 5%, which is
quite consistent with the modelling result of 4.8%.

Table 6 shows a comparison of porosity in Inconel lay-
ers for three scanned images. Results for the model are not
shown because the samples were taken randomly from an
unknown cutting depth.

Based on the data in Table 6, the samples can be consid-
ered homogeneous in terms of porosity, which corresponds
to the model in Fig. 11. To ensure statistical relevance,
porosity was evaluated in three different regions taken at
varying depths of the consolidated sample. The close agree-
ment among all measurements (4.9—5.2%) confirms that the
results are representative of the overall material volume and
therefore suitable for model validation.

4 Discussion

The developed finite element model of the HIP process
demonstrated good predictive capability in estimating the
final geometry and residual stress evolution in Inconel 625
and FeSi—Inconel 625 composites. For Inconel 625, the
comparison between the simulated and experimental geom-
etries showed close agreement, even in samples subjected
to post-processing such as milling and EDM. This indicates
that the model reliably captures the key thermomechanical
phenomena occurring during HIP consolidation.

However, results for the FeSi region showed higher
uncertainty. XRD analysis revealed the presence of sec-
ondary phases, potentially including FesSi, as well as
a persistent oxide layer, which influenced the residual
stress measurements. These effects introduce challenges
in the reliable assessment of stress states in FeSi, rep-
resenting a significant methodological limitation of the
current study. The oxidation and phase transformations
complicate the interpretation of diffraction data, espe-
cially when stress evaluation is based on specific crys-
tallographic planes (e.g., (211)), which may be affected
by phase heterogeneity and surface contamination. The
limitations of XRD-based residual stress measurements
in multi-phase materials such as FeSi become particu-
larly pronounced in the presence of oxide layers and
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secondary phases. The overlapping diffraction peaks
from different phases can bias stress evaluation, while
surface oxides introduce additional strain fields that
may not represent the bulk material. Moreover, XRD
probes only a shallow surface layer, making it sensitive
to surface conditions rather than the actual internal stress
state. These factors reduce the accuracy and reliability
of residual stress determination in complex multi-phase
systems using XRD alone.

Nevertheless, despite the limitations of XRD analysis, the
FEM model can be regarded as partially validated. The good
agreement was obtained for Inconel 625 residual stress (R?
= 0.73) and the consistent porosity prediction (4.8% simu-
lated vs.~5% measured).

In the present FEM model, the mechanical and thermal
properties of FeSi were not adjusted to account for the for-
mation of surface oxides or secondary FesSi phases, as the
oxide layer is relatively thin compared to the sample. It was
therefore considered that the mechanical and thermal prop-
erties of FeSi were those of an ideal material in the present
FEM model. Further microstructural analysis is required to
quantify their influence on the effective behaviour of the
material before such effects can be incorporated into the
constitutive model.

The primary source of deviation between FEM-pre-
dicted and experimentally measured geometries is the
limited availability of physical property data for FeSi
over a broad temperature range, which is essential for
accurately modelling the HIP process. Additionally, the
3D plastic deformation model includes certain simplifi-
cations: contact interactions between dissimilar materials
and between the powder bed (sand) and the container were
not modelled. These interactions can influence local strain
and geometry but were omitted to improve numerical sta-
bility and computational efficiency, as contact conditions
in plasticity problems can be highly resource-intensive
and prone to instability.

The main trade-offs between computational cost and
simulation accuracy arise from the need to simplify the
computational grid. The physical complexity of HIP, char-
acterised by large plastic deformations, does not allow for
simplification at the material behaviour level through ana-
lytical or semi-analytical approaches. In this work, mesh
resolution was adjusted to balance accuracy and compu-
tational time, as summarised in Table 2, which compares
simulation runtime and relative error. This illustrates the
trade-off in computational resource demands. For geom-
etries such as purely cylindrical samples with concentric
layers, further simplification could be achieved by replac-
ing the complete 3D model with a 2D axisymmetric formu-
lation, reducing computational cost without significantly
compromising accuracy.

@ Springer

When considering the limitations in XRD-based residual
stress measurements, several factors should be considered.
Surface oxidation during HIP introduces additional diffrac-
tion peaks, complicating peak fitting and shifting measured
lattice spacings. Secondary phase formation, such as FesSi,
changes the diffraction pattern, making phase-specific
stress analysis challenging. Moreover, the shallow pen-
etration depth of X-rays causes the measurement to reflect
primarily near-surface conditions, which may differ from
bulk stresses. Consequently, XRD results for FeSi should
be interpreted cautiously, and complementary techniques
such as neutron diffraction or synchrotron XRD are recom-
mended for future studies.

The porosity estimation from X-ray tomography con-
firmed the model’s prediction with reasonable accuracy,
showing only a slight deviation (5% measured vs. 4.8%
simulated), further supporting the model’s validity. The
GTN plasticity model proved.

Despite the overall good agreement between simulations
and experiments, the remaining discrepancies observed
for FeSi highlight the need for a more detailed tempera-
ture-dependent calibration of its mechanical and thermal
properties. Future work should focus on experimentally
determining these parameters under HIP-relevant condi-
tions to further improve the predictive accuracy of the FEM
model.

Although the tensile testing was not part of the FEM vali-
dation, it provides an essential complementary confirmation
of the mechanical feasibility of the proposed multi-material
concept. The representative result shown in Fig. 12 dem-
onstrates that the horizontally oriented FeSi—Inconel com-
posite exhibits a tensile strength exceeding 120 MPa, which
is a satisfactory value for this class of HIP-consolidated
structures intended for high-speed applications [24]. This
experimental observation supports the practical applicabil-
ity and structural reliability of the fabricated composites,
despite the simplifications introduced in the current model-
ling framework.

Engineering stress, MPa

0 1 2
Engineering strain, 107

Fig. 12 Representative example tensile test result for the horizon-
tally oriented FeSi—Inconel 625 composite (A) and one of the speci-
mens after test (B)
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5 Conclusion

This study presented an integrated experimental and numer-
ical investigation of residual stress formation in FeSi—Inc-
onel 625 composites produced via hot isostatic pressing
(HIP). A finite element model based on porous plasticity
was developed and compared with geometry measurements,
porosity analysis, and residual stress data.

The model showed good agreement for Inconel 625,
providing consistent predictions of shape distortions and
porosity. For FeSi, the presence of secondary phases and
surface oxidation introduced significant uncertainty in
the XRD-based residual stress assessment, underlining
the limitations of diffraction techniques when applied to
multi-phase materials. These findings indicate the need
for further characterisation and refinement of the con-
stitutive description for FeSi. The GTN plasticity model
proved adequate for simulating powder densification,
offering a reasonable balance between computational
efficiency and physical fidelity.

Although the current validation for FeSi residual stresses
remains limited, the results demonstrate that HIP can be
effectively used to consolidate dissimilar metallic powders
into mechanically sound multi-material structures. The devel-
oped framework provides a useful basis for analysing stress
evolution and deformation behaviour in such composites.

Future work will focus on extending the model with
temperature-dependent material properties and on integrat-
ing tensile testing to assess the mechanical performance of
FeSi—Inconel composites under representative loading con-
ditions. Additional studies will address post-HIP treatments
aimed at reducing residual stresses and improving micro-
structural uniformity, as well as optimising the initial geom-
etry of composite parts to minimise distortion and improve
dimensional accuracy.
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