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Abstract

This study investigated the influence of electric current on carbon diffusivity in molybdenum (Mo) during spark plasma
sintering (SPS). The samples comprised 0.2-mm-thick graphite foils, 3-mm Mo discs annealed at 1000 °C for 1-8 h, and a
Ti-Mo alloy annealed at 1200 °C for 4 h. Elemental concentration profiles were analyzed using electron probe microanalysis
(EPMA), while microstructure evolution was examined via scanning electron microscopy (SEM), electron backscatter dif-
fraction (EBSD), and transmission electron microscopy (TEM) in various modes. Diffusion coefficients were determined
using the Den Broeder method and compared with literature values to assess possible enhancement. Contrary to expectations,
the results indicated no enhancement of diffusion coefficients under electric current; instead, they decreased with increasing
carbon concentration. This reduction was attributed to the formation of a molybdenum carbide layer, which hinders further
carbon diffusion into the Mo matrix. The study also observed that diffusion of carbon into the sample occurs predominantly

via solid-state diffusion at the graphite-metal interface, rather than vapor-phase transport.
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1 Introduction

Spark plasma sintering (SPS), a prominent field—assisted
sintering technique (FAST), utilizes electric current to
enhance densification through Joule heating and other elec-
tro-kinetic effects. Beyond thermal activation, the applied
current has been shown to exert non-thermal influences that
accelerate diffusion-related processes, such as vacancy for-
mation [1], intermetallic phase growth [2], and defect mobil-
ity [3]—thereby significantly altering sintering kinetics and
microstructure evolution—influencing sintering kinetics and
microstructure evolution [4]. However, a critical yet often
overlooked aspect of SPS is the unintended diffusion of car-
bon atoms from the tooling (e.g., graphite dies, punches, and
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foils) into the sintered material, a phenomenon commonly
referred to as carbon contamination [5, 6]. Among the SPS
tooling components, graphite foils play a key role in car-
bon contamination. These foils serve as protective and con-
ductive layers, ensuring efficient heat transfer and uniform
current distribution. However, direct contact between the
graphite foil and the sample facilitates carbon diffusion into
the material — a phenomenon known as carbon contamina-
tion. Carbon contamination is known to adversely affect the
structural and mechanical properties of refractory materials
[5, 7]. For instance, during processing of Mo using SPS,
carbon contamination has been shown to induce embrittle-
ment and a marked reduction in ductility. This degradation
arises from the precipitation of brittle molybdenum carbides
(Mo,C, MoC) along grain boundaries upon cooling. These
carbides serve as preferential sites for crack initiation and
propagation, significantly diminishing fracture toughness
and promoting brittle failure at low stress [8, 9].

Beyond mechanical degradation, molybdenum carbides
exhibit inferior thermal and electrical conductivity compared
to pure Mo, diminishing the material’s efficacy in electrical
and thermal management applications, such as electrodes
and heat sinks. Furthermore, differential thermal expansion
between carbide phases and the Mo matrix induces localized
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stresses during thermal cycling, exacerbating microcrack
formation and reducing thermal shock resistance [10].
Additionally, carbon segregation influences grain bound-
ary mobility, leading to heterogeneous grain growth and the
development of a bimodal grain structure, which undermines
mechanical uniformity [11]. These findings underscore the
critical need for stringent control of carbon content in refrac-
tory systems to preserve their structural stability, mechanical
performance, and functional utility in high-temperature and
load-bearing applications.

While prior research has extensively documented car-
bon contamination from graphite foils, few studies have
investigated the underlying diffusion kinetics. Notably,
Morita et al. [12, 13] examined carbon diffusion in metal-
lic samples but focused primarily on general diffusion
behavior without considering the influence of electric
current—a defining feature of SPS. Their conclusion
that carbon migration occurs mainly via grain boundary
evaporation leaves a gap in understanding solid-state dif-
fusion, particularly under electrically assisted sintering
conditions where direct graphite-sample contact plays a
critical role. In this study therefore, the existing gap was
addressed by systematically investigating whether electric
current during SPS process enhances carbon diffusion
from graphite foils into metallic samples. Additionally,
by modifying the standard SPS tooling configuration, the
study also investigated the solid-state diffusion of carbon
atoms resulting from direct contact between graphite foil
and a metallic sample.

1.1 Theoretical considerations

Atomic diffusion involves the thermal excitation of atoms
leading to stochastic jumps across lattice sites. Thus, tempera-
ture serves as the primary governing parameter in diffusion
kinetics and related analyses. However, in metallic systems,
the passage of an electric current introduces an additional,
non-thermal driving force (electromigration) which alters
atomic mobility through momentum transfer between con-
ducting electrons [14]. Furthermore, applied mechanical pres-
sure modifies the activation volume for diffusion, influencing
atomic migration pathways [15]. Thus, while Fick’s second
law classically describes diffusion in terms of concentration
gradients, the spark plasma sintering (SPS) process—which
simultaneously employs pulsed electric currents and uniaxial
pressure—introduces a complex interplay of thermal, elec-
trical, and mechanical fields. This multi-physics coupling
complicates the direct application of conventional diffusion
models. To adapt Fickian analysis to the SPS environment
therefore, various assumptions were employed. Firstly, for a
given annealing temperature, diffusion was assumed to pri-
marily be governed by chemical potential gradients, with
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concentration-driven flux remaining the principal mechanism.
Secondly, electromigration, microstructure evolution, and
other atomic-level effects were treated as perturbations that
either enhanced or suppressed the effective diffusion coeffi-
cient. Thirdly, diffusivity was assumed to be spatially uniform
and directionally invariant, neglecting localized anisotropies
arising from grain boundaries or stress gradients. Lastly, the
diffusivity of a non-metal was assumed to be substantially
higher than that of the host metal hence the reaction diffusion
in the Mo-C system was regarded as the diffusion of carbon
in a metal grid of Mo.

Consequently, the diffusion process was described by the
2nd Fick’s law of diffusion as [16]:

oC _ 9 (Dg) 0

dt T ox 0x

where C is the concentration, ¢ is diffusion time, and x is the
diffusion distance. When the concentration of the in-diffus-
ing species changes with distance from the initial contact
surface, the diffusion coefficient also becomes concentra-
tion-dependent. In establishing the concentration-dependent
diffusion coefficient, D(C), Eq. 1 may be transformed using
the Boltzmann-Matano variable, y = x/2\/; [17] into its
ordinary differential form as:

dc _ d dc
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From Eq. 2, D(C) may be evaluated using the Boltzmann-
Matano method [17] which is generally a method of deriva-
tives in which D(C) is obtained through integration by parts
of the time and space form of Eq. 2 as:
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where x); is the position of the Matano plane which may
be established from the flux conservation condition given
in Eq. 4[].
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The Boltzmann-Matano method was modified by Sauer-
Freise and later by Den-Broeder [18] by combining Egs.
(4) and (3) and introducing the concentration normaliza-
tion variable, Y. For constant volume, the Sauer-Freise/Den
Broeder equation for D(C) is given as:
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where C* is the concentration at the position x*, C™ is the
minimum concentration, C* is the maximum concentration
of the diffusing species, and x is the distance across the dif-
fusion region. The normalized composition variable, Y is
given by:

_ C(x)-C-
T Ct-C-

Y (6)

2 Materials and methods
2.1 Sample design, processing, and annealing

Traditionally, spark plasma sintering is designed for the
production of parts from powdered materials. However,
diffusion in powder particles can be complex and multidi-
rectional. For the evaluation of diffusion coefficients using
standard expressions, a continuous unidirectional diffusion
profile is preferable. Thus, in this study, bulk samples were
used in place of powdered samples. The study comprised of
two sets of annealing experiments conducted using a spark
plasma sintering (SPS) system (HDP 25, FCT Systeme
GmbH, Germany) at the Institute of Materials Science, TU
Bergakademie Freiberg (TUBAF), Germany. The first set
involved the annealing of individual 3-mm-thick molybde-
num (Mo) discs, while the second set examined diffusion
of graphite foil carbon in a binary Ti-Mo alloy. The start-
ing materials consisted of high-purity Mo (99.7%) and Ti
(99.8%) rods (20 mm diameter supplied by Alfar Aesar).
From these, four 3-mm-thick Mo discs, two 5-mm-thick Mo
discs, and one 5-mm-thick Ti disc were precision-cut and
metallographically polished to a 1-pm surface finish. Graph-
ite foils (0.2 mm thick, SIGRAFLEX® by SGL Group) were
cut into 20-mm-diameter discs, with two foils used per
experiment to separate the samples from the SPS punches,
following standard SPS protocols. Thus, for the purpose of
this study, the final configuration of the Mo disc samples
consisted of the graphite foil-Mo-graphite foil (C-M-C).
For the Mo disc experiments, each C-Mo-C sample was
annealed separately at 1000 °C for durations of 1, 2, 4, and
8 h. In the Ti-Mo alloy experiment, the 5-mm discs were
arranged in a Mo-Ti-Mo stack configuration. In the presence
of the graphite foils, the final configuration of the Ti-Mo
alloy sample was graphite foil-Mo-Ti-Mo-graphite foil
(C-Mo-Ti-Mo-C). Annealing of the C-Mo-Ti-Mo-C sample
was carried out at 1200 °C for 4 h. In both cases, the graphite
die interior was lined with corundum (Al,Os) foil to prevent
carbon diffusion from the die walls and to ensure that all the
current was flowing through the sample. A uniaxial pressure

of 15 MPa was applied hydraulically throughout the anneal-
ing process to maintain optimal contact between the sample,
the tooling, and electrodes. To prevent directional-dependent
diffusion effects emerging from high current density electro-
migration [19], the current densities in this case were set at
low values of 188 A cm? for the C-Mo-C samples and 177
A cm2 for the C-Mo-Ti-Mo-C stack. Heating proceeded at
160 K min™!, followed by rapid cooling (~200 K min™!) via
water circulation through the electrodes. Temperature was
monitored in real-time using an optical pyrometer aligned
with a borehole in the upper punch.

2.2 Analytical methods

Analysis of microstructure evolution was conducted on
the materials in “as supplied form” (Ti &Mo) and after
annealing. Before annealing, sample materials were ana-
lyzed using the scanning electron microscope (SEM) in
energy dispersion spectroscopy (EDX) mode and using the
electron back scatter diffraction (EBSD). Annealed sam-
ples were analyzed in secondary electrons (SE) and back
scattered electron (BSE) modes, i.e., SEM (SE and BSE).
The device used for SEM analysis was the Zeiss FEG-SEM
LEO 1530 GEMINI equipped with an EBSD detector. To
optimize resolution while minimizing shadowing effects,
moderately low working distances (WD) were used: 8-9
mm for secondary electron (SE) and backscattered elec-
tron (BSE) imaging, and 16 mm for electron backscatter
diffraction (EBSD). These values align with established
standards for high-resolution SEM [20]. In SE and BSE,
the range of 8—9 mm was necessary to accommodate vari-
ations in sample surface quality. EBSD patterns acquired
were processed further using Channel 5 HKL software
from Oxford Instruments. For nanoscale microstructural
features beyond EBSD resolution, transmission electron
microscopy was conducted using a JEOL JEM 2010 FEF
instrument. TEM specimens were prepared via focused ion
beam (FIB) milling and analyzed in both scanning TEM
(STEM) and high-resolution TEM (HRTEM) modes. Dif-
fraction pattern analysis involved measuring interplanar
spacings from selected-area electron diffraction (SAED)
patterns and comparing these with reference data from the
ICSD database. Elemental composition analysis was per-
formed via electron probe microanalysis (EPMA) using a
JEOL JXA8900RL system, with concentration measure-
ments taken at 1-um intervals to map the spatial distribu-
tion of carbon, molybdenum, and titanium. The diffusion
coefficients were evaluated using Eq. 5 which was imple-
mented in a routine written in MATLAB. MATLAB is a
commercial programming environment developed by Math
Works Inc., MA, USA.
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3 Results and discussion
3.1 Microstructure of the starting materials

Figure 1a and b are EBSD micrographs of the starting Mo
and Ti respectively. From the images, pure Mo consisted
of small grains that were randomly oriented while pure
Ti consisted of large grains which were oriented between
30 and 60° and between 85 and 94° with respect to the
{0001} plane. The average grain size of Mo was 7 + 0.5 um
and that of Ti was 50 + 0.5 ym while the grain boundary
density per unit length was higher in Mo compared to Ti
(Fig. 1 a and b). The elemental EDX spectrum of both

Fig. 1 Microstructure of the starting materials (a) Mo and (b) Ti
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Mo and Ti (inset Fig. 1) confirmed that both materials did
not contain either dissolved carbon or any other foreign
elements.

3.2 Characterization of diffused carbon in Mo

The EDX and XRD measurements on the annealed sam-
ples revealed the presence of diffused carbon in Mo in
both the 3-mm Mo discs and in the Ti-Mo alloy samples
(Fig. 2). The two peaks in SEM-EDX spectrum (Fig. 2a)
were indexed as Mo and carbon while the XRD pattern
(Fig. 2b) showed peaks distribution at 26 (°) angles of
34, 37, 39, 52, and 61. This peak distribution matched

Intensity (a.u)

\__Pure Mo

30 45 0 2600

Fig.2 a SEM-EDX and (b) XRD spectrums showing the presence of diffused carbon in the Mo discs
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well with a standard XRD spectrum for Mo,C obtained
from ICSD, FIZ Karlsruhe, and represented reflections in
the (100), (002), (101), (102), and (110) planes. The car-
bide layer was characterized as § Mo, C with a hexagonal
close packed (hcp) crystal structure with the space group
as P6;/mmc(194) [21].

3.3 Concentration profiles of carbon (3-mm Mo
and Ti-Mo alloy)

Figure 3 presents the concentration profiles obtained
from EPMA measurements on both electrode sides of the
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SPS-processed samples. For the 3-mm Mo discs annealed
at 1000 °C, the upper electrode side showed a maximum
carbon concentration of 20 at.%, which sharply decreased
to 14.8 at.% within 40 pm before stabilizing at~10.5 at.%
beyond 300 pm. The lower electrode side exhibited different
behavior: samples annealed for 1-4 h displayed an initial
17.5 at.% concentration that rapidly decreased to 14 at.%
within 30 pm and then gradually declined to 11.5 at.% over
280 pm. Notably, the 8-h annealed sample showed higher
carbon retention (maximum 17.5 at.%, minimum 13 at.%)
over a shorter diffusion distance (230 pm). In the Ti-Mo
alloy sample annealed at 1200 °C, the concentration of
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Fig.3 Concentration profiles of carbon on the upper and lower electrode side of the 3-mm Mo discs annealed at 1000 °C for 1 h, 2 h, 4 h, and 8
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Fig.4 Concentration profiles of carbon in Mo on the upper and lower electrode side of the Ti-Mo alloy sample
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carbon in the Mo discs exhibited clear exponential decays:
from 80.2 to 0.46 at.% (upper electrode) and from 70 to 1.61
at.% (lower electrode) across 200 pm (Fig. 4). In light of
the fact that, in both cases (3-mm Mo and the Ti-Mo alloy
samples), carbon diffused mainly in Mo discs, the concentra-
tion profiles showed strong temperature-dependent behavior
with significant carbon penetration at elevated temperatures.
Most importantly, the sharp decline in carbon concentration
around 300 pm in the Mo disc (Fig. 3) and 200 pm in the
Ti-Mo alloy (Fig. 4) suggests a mechanism that abruptly
hinders carbon diffusion in Mo. This is likely due to the
formation of a molybdenum carbide layer inhibits further
carbon diffusion due to the structural differences between
the carbide and pure Mo [9, 22]. Molybdenum has a body
centered cubic (bcc) crystal structure which allows fast
interstitial carbon diffusion while molybdenum carbide has
a hexagonal close packed (hcp) crystal structure which intro-
duces stronger Mo-C bonds and a less open lattice hence
restricting carbon mobility and slowing down further car-
burization [23].

The carbon—sulfur analyzer measurements detected only
trace amounts of carbon within the Ti-Mo interdiffusion
zone (Table 1). Although Table 1 suggest minor carbon pres-
ence, the certified reference material (CRM) calibration tol-
erance (£ 0.004 wt%) on the carbon—sulfur analyzer for the
Ti-Mo system renders these values statistically insignificant.
This conclusion is further supported by the concentrations of
carbon across the interdiffusion zone (edge vs. center) falling
within instrumental error margins.

3.4 Microstructure of Mo, C layer

Figure 5 are SEM-BSE micrographs showing the Mo,C
layer formed on the surface of the 3-mm Mo discs and on
the Ti-Mo alloy sample. In the 3-mm Mo discs, the thick-
ness of the Mo, C layer ranged between 1.17 and 3.1 um for
the respective annealing time of between 1 and 8 h. From
Table 2, it was observed that the thickness of Mo,C layer
increased with an increase in annealing time from 1.17 um
for 1 h to 3.10 um for 8 h. A plot of the layer thickness
against annealing time (Fig. 6a) for the 3-mm Mo discs

Table 1 Concentration of carbon within the Ti-Mo interdiffusion
region

S/no Conc. at the edge (at.%)  Conc. at the
center (at.%)

1 0.007327 0.000916

2 0.002914 0.000999

3 0.006494 0.001082

4 0.002414 -

Average conc 0.004837 0.000999
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confirmed parabolic growth rate of the Mo, C layer [24]. In
the Ti-Mo alloy sample, the thickness of the Mo,C layer
reached 17.7 um (Fig. 6b).

3.5 Microstructure of the Ti-Mo interdiffusion zone

Electron backscatter diffraction (EBSD) analysis identified
a complex multiphase microstructure within the interdiffu-
sion region. The primary phase consisted of a body-centered
cubic p-(Ti-Mo) solid solution (space group Im3m), which
exhibited a bimodal grain structure. Quantitative analysis
of the concentration profile revealed two distinct -phase
grains: a Mo-rich variant (18-46 at.% Mo, ~50 pm wide)
and a Mo-lean variant (8-18 at.% Mo, ~72 pm wide), as
evident in Fig. 7.

Additionally, the microstructure contained transforma-
tion products resulting from rapid cooling: a hexagonal o'
martensite (P6s/mmc) and an orthorhombic o” martensite
(Cmcm), consistent with previously reported quenching
effects [25]. These martensitic phases predominantly coex-
isted in a twinned morphology, as shown in Fig. 7. How-
ever, the EBSD analysis could not index a transition region
(marked X in Fig. 7) bordering both the § phase and marten-
sitic domains. Subsequent transmission electron microscopy
(TEM) investigation resolved this region as an omega (@)
phase, whose characteristic fine-scale structure and diffrac-
tion patterns eluded EBSD detection. The w phase was ori-
ented along (0001),,[[(011), with respect to the § phase, and
it was found to be 0.39 nm, and that of the f phase was 0.23
nm. A similar orientation of the @ phase was reported in the
literature by Xing and San [26].

3.6 Diffusion coefficients of carbon in Mo

Figure 8 presents the concentration-dependent diffusion
coefficients of carbon in 3-mm Mo discs annealed at 1000
°C for durations of 1-8 h, comparing results from both
electrode sides. The data reveal two important trends.
Firstly, the diffusion coefficients exhibited an inverse
relationship with carbon concentration, decreasing sharply
(10713 to 10-15-10"'¢ m?/s) across a narrow concentration
range (<4 at.% C). This trend was particularly evident
in the 1-h annealed sample, where upper and lower elec-
trode sides showed reductions of two and three orders of
magnitude, respectively. The second trend has to do with
temporal evolution, in that, longer annealing times system-
atically lowered diffusion coefficients at all carbon concen-
trations. For instance, values for the 1-h annealed sample
consistently exceeded those of samples treated for 2—8 h.
The upper electrode side displayed an approximately lin-
ear decrease in diffusivity with increasing carbon content.
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Fig.5 Backscatter diffraction (BSD) images of Mo, C layer in the sample annealed at 1000 °C for (a) 1 h,b2h, ¢4 h, and (d) 8 h

Table 2 Molybdenum carbide layer thickness with annealing time

Sample Temperature Time (s) Layer
thickness
(um)
3-mm Mo discs 1000 °C 3600 1.17
1000 °C 7200 1.85
1000 °C 14,400 2.72
1000 °C 28,800 3.14
Ti-Mo 1200 °C 14,400 17.7

These observations correlate with the formation of Mo,C
interfacial layers. The small atomic radius of carbon

facilitates initial interstitial diffusion and grain boundary
migration. However, as Mo,C precipitates develop, they
obstruct diffusion pathways—an effect amplified with pro-
longed annealing. This blocking mechanism explains the
observed suppression of carbon mobility over time [27,
28], consistent with established models of interstitial dif-
fusion in refractory metals.

The asymmetry in diffusion coefficients between the
upper and lower electrodes likely stems from Joule heat-
ing variations during SPS annealing. Graphite foil exhibits
higher electrical resistance than Mo [29-31], and its con-
ductivity increases with temperature and pressure [32, 33].
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Fig.6 a A plot of layer thickness against annealing time. b Backscatter diffraction (BSD) images of Mo, C layer in the Ti-Mo alloy sample
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Fig. 7 Phase distribution across the interdiffusion region in the Ti-Mo
alloy sample

Additionally, the formation of the resistive Mo carbide layer
on either side of the Mo disc further alters the system’s elec-
trical properties as annealing progresses. Since heating in
SPS relies on the Joule heating effect (resistive heating),
these resistance differences across the C-Mo-C stack cre-
ates localized Joule heating disparities as well as thermal
gradients hence influencing the diffusivity of carbon in Mo.

The Ti-Mo alloy sample (annealed at 1200 °C) exhib-
ited strong concentration-dependent diffusion char-
acteristics, as shown in Fig. 9. Quantitative analysis
revealed on the upper electrode side; the diffusion coef-
ficients decreased by two orders of magnitude (107'2 to
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107 m?%/s) across a wide carbon concentration range
(1.91-80.3 at.%). On the lower electrode side, a more
pronounced reduction of the diffusion coefficients (107!
to 1071 m?/s) occurred over a slightly narrower compo-
sition window (3.2-70.5 at.%). This systematic varia-
tion demonstrates that carbon diffusivity in the Ti-Mo
system is highly sensitive to local carbon concentration.
The asymmetric behavior between electrode sides may
reflect differences in current density or thermal gradi-
ents during SPS processing.

3.7 Comparative analysis of diffusion coefficients

Possible enhancement of diffusion coefficients of carbon
in molybdenum by the SPS process (in the presence of an
electric current) was evaluated by comparing experimental
interdiffusion coefficients with literature values, as shown in
Fig. 10. Our results show that at lower carbon concentrations
(<14 at.%), excellent agreement exists between our meas-
ured values for 3-mm samples annealed at 1000 °C for 4 and
8 h, and those reported by Isobe et al. [24] and Imai et al.
[28]. This consistency extends to the work of Isobe et al.
[24] at 1200 °C, suggesting conventional diffusion behavior
dominates in this concentration regime. However, marked
deviations emerge at higher carbon concentrations. While
literature values remain constant (Imai, Isobe, Shovensin
et al. [34], Nishieda & Maclellan [35]), our data exhibit a
clear inverse relationship between diffusivity and carbon
content. Notably, Nishieda and Maclellan’s 1000 °C data
represent the upper extreme of reported values, exceeding
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Fig.9 Diffusion coefficients of carbon on the upper and lower elec-
trode side of the Ti-Mo alloy sample annealed at 1200 °C for 4 h

our measurements by up to four orders of magnitude at 18
at.% C.

In the Ti-Mo alloy sample, the experimental diffusion
coefficients agreed particularly with Isobe’s and Kuc-
era’s results at low concentrations but diverges progres-
sively above 10 at.% C. It must be noted however that in
Kucera et al. [22], annealing was carried out at a much
higher temperature of 1500 °C. Zhang et al. [9], using a
method similar to this study but at 1500 °C, reported a
diffusion coefficient of 10-'! m%/s, matching Shovensin

et al. [34] at 1100 °C and slightly exceeding Imai et al.
[28]’s value of 10-'1* m%/s at 1200 °C. However, Zhang
et al.’s [9] result was an order of magnitude lower than
Shovensin et al.’s [34] 10-1°-2 m%/s at 1200 °C—despite
the 300 °C lower temperature—raising doubts about dif-
fusion enhancement during SPS annealing. Importantly
therefore, no evidence of enhanced diffusion due to SPS
processing was observed in this study as all measured
values were within the range for conventional thermal
diffusion in Mo-C systems. The results of the compar-
isons may also suggest that while carbon diffusion in
molybdenum follows established behavior at dilute con-
centrations, significant deviations occur in carbon-rich
regimes.

4 Conclusion

This investigation of carbon transport in molybdenum dur-
ing spark plasma sintering (SPS) provides an insights into
diffusion behavior under the tested conditions. At lower
temperatures (below 1000 °C), the carbon concentration in
Mo remained relatively constant, suggesting limited ther-
mal activation of diffusion. At higher temperatures (1200
°C), carbon concentration in Mo increased close to fourfold,
indicating thermally driven dissolution of carbon from the
graphite foil into the Mo matrix. Both solubility and dif-
fusivity of carbon appeared to become more concentration-
dependent, in line with thermally activated interstitial diffu-
sion mechanisms. The concentration profile exhibited a steep
exponential gradient from the graphite foil/Mo interface to
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Fig. 10 Comparing the diffusion coefficients of carbon in Mo in the 3-mm Mo discs annealed

near-background levels over a short distance, consistent with
rapid Mo-carbide formation inhibiting further carbon dif-
fusion. While carbon penetration extended deeper into the
Mo, it remained below the threshold for detectable carbide
formation as revealed by the carbon—sulfur analyzer.

Under the specific experimental conditions applied in this
study—vacuum annealing with 15 MPa uniaxial pressure, com-
bined with alumina foil shielding to prevent carbon diffusion
from die walls—no significant grain boundary-assisted carbon
evaporation was detected. This contrasts with findings reported
by Morita et al. [13, 36], highlighting the potential influence of
processing parameters on carbon transport behavior.

The measured diffusion coefficients (10-°=10"'! m?%/s)
fell within the range expected for conventional thermal dif-
fusion, and no clear evidence of SPS-specific enhancement
of carbon mobility was observed under these conditions.
This suggests that, for the parameters tested, electric cur-
rent effects may have been secondary to thermal contribu-
tions. However, the absence of detectable enhancement
does not preclude the possibility of such effects under
alternative SPS conditions (e.g., higher currents, different
pressure regimes, or modified die configurations). These
findings contribute to the understanding of carbon trans-
port kinetics in SPS-processed Mo while underscoring the
need for further studies to explore the broader parameter
space.
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