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HIGHLIGHTS

e 2 steps in 316L/Ti interdiffusion: kinetics then thermodynamics controlled.
o Iron/titanium intermetallics growth kinetics not controlled by diffusion.

e Chromium diffusion blocked by Fe/Ti intermetallics, carbon trapped inside as TiC.
e Oxygen rejected from titanium by iron addition, can form surface TiO in thin films.
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As a first step to devise a hybrid process for the production of TiC wear coatings on 316L, consisting of magnetron
sputtering followed by titanium carburization, interfacial reactivity between stainless steel and titanium has to
be finely understood. Systematic comparisons were carried out on diffusion couples of increasing chemical and
geometrical complexity (Fe/Ti, 316L/Ti, and 316L/sputtered Ti), highlighting the formation mechanisms of
interfacial structures. Transmission and scanning electron microscopy composition profiles revealed that long-
range microstructures in titanium are the result of iron diffusion and oxygen impurities interactions. FeTi and
Fe,Ti intermetallics formation is first kinetically driven, then favors thermodynamic stability, leading to
compositional changes during thermal cycles. Their growth is shown to be non-diffusion controlled. These
compounds act as diffusion barriers for chromium, and traps for carbon, indirectly generating a complex layered
structure at the interface. Differences between bulk and sputtered titanium are exclusively linked to the latter
smaller scale, including destabilized diffusion fronts, and superficial TiO formation by oxygen rejection after iron
diffusion.

1. Introduction

structures integrity, but substrate material tends to put hard limits on
achievable properties. On the other hand, additive methods offer a wider

Surface modification is an old and classical way to combine multiple
functionalities in a single part. Common examples include wear and
corrosion protection of structural parts. The majority of methods
developed to tailor surface properties can be classified as either trans-
formative (thermo/mechanical/chemical treatments, such as nitridation
[11, carburization [2] or shot peening [3]) or additive (liquid/PVD/CVD
coating processes [4-6], laser cladding [7], etc.). The first category
presents the advantage to natively create gradients that help maintain
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range of properties combinations, but often suffer from delamination as
typical failure mode, due to either mechanical (Young modulus
mismatch for example) or chemical nature (metal/ceramic adhesion)
incompatibility.

As the gap between the desired properties for surface and core ma-
terial increased, these simple approaches have begun to show their
limits. Duplex processes combining a preliminary transformative step to
create an intermediate layer, before the addition of a coating providing
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final surface properties, have been successfully used for several appli-
cations. In particular, the combination of steel nitriding and nitrides
deposition has seen a surge of interest in recent years [8-10]. The
reverse concept (modification of a newly added surface layer, deemed a
hybrid process), however, is a much rarer occurrence, due to the
increased complexity associated with the substrate/layer interaction
during transformation treatment [11].

The aim of this work is to advance the understanding of physics,
chemistry and limitations involved in a hybrid process applied to in-
dustrial materials for wear applications. Selected substrate material is
316L, a stainless steel alloy commonly used for mechanical parts in
difficult environments. Surface layer is TiC, chosen for its wear resis-
tance [12], friction coefficient [13,14] and hardness [15]. This combi-
nation offers an innovative couple, adapted to recent regulations
evolutions due to the use of environment and health friendly materials.
Furthermore, it acts as an example of extreme differences between
substrate and coating, both in properties (316L high work hardening vs
TiC purely elastic deformation) and chemical nature (316L metallic vs
TiC covalent bonds). As such, it can be used to highlight general chal-
lenges pertaining to hybrid processes, and potential approach-
es/methods to deal with them.

The studied hybrid process involved two steps: an additive step,
based on the deposition by DC magnetron sputtering of a pure titanium
film (around 1 pm thick) on AISI 316L substrates followed by a trans-
formation step, based on the conversion of the Ti film to TiC through low
pressure gas carburizing.

The expected advantages of this approach include: a fast process
(sputtering deposition being much faster for metals than for compounds
[16]), better substrate/layer contact (initial metal on metal deposition),
and flexibility (owing to the possibility of titanium partial conversion to
keep a metallic interlayer). As a way to overcome its chemical
complexity, this process can be viewed as two successive steps: first, the
substrate/coating reactions happening as materials are heated before
any carbon addition; and second, the high temperature interactions
occurring between the new interfacial structures and diffusing carbon.
This paper will deal specifically with substrate/titanium coating reac-
tivity, during the first stages of a typical carburizing thermochemical
treatment interrupted just before carbon introduction.

Understanding of the substrate/coating interfacial reactions and
diffusion mechanisms is made arduous by chemical complexity (316L
alloy containing Fe, Cr, Ni, Mo, Mn and C), and small layer thickness
(leading to surface effects becoming non-negligible and restricting
experimental analysis options). In order to overcome these difficulties,
an iterative approach involving the successive study of increasingly
complex model diffusion couples has been chosen:

- bulk Fe/Ti couple (simplified chemistry and geometry)

- bulk 316L/Ti couple (simplified geometry)

- sputtered Ti on 316L substrate (full chemical and geometrical
complexity)

2. Materials properties

Describing every known interaction between titanium and 316L
constitutive elements is outside the scope of this paper. Nevertheless, the
work will be focused on the diffusion and solubility characteristics of the
various experimentally identified phases. Due to the short dwell time of
carburizing treatments, thermodynamic equilibrium is unlikely to be
reached, and transitory states have also to be considered. In order to take
into account these two complementary aspects in the interpretation of
experimental results, elements solubility data from literature has been
summarized in Supplementary Table 1 (a high solubility range being
related to stabilizing effect of the concerned phase), while Supplemen-
tary Tables 2-4 present diffusion kinetics information at 1013, 1123,
and 1223 K, respectively.

2.1. Iron

Iron presents thee allotropes: bce a-Fe (alpha ferrite) stable up to
1185 K, fcc y-Fe (austenite) stable between 1185 and 1667 K, and bcc
5-Fe (delta ferrite) stable over 1667 K. y-stabilizing elements can be
divided into isomorphous (Ni, Mn) and interstitials (C, N). Cr, Mo, Ti and
Si are significant o-stabilizers present in this study. Oxygen shows an
extremely low solubility (<0.1 at. % [17]), and its strong chemical af-
finity to iron promotes oxides precipitation over solid solution
formation.

Elemental diffusivities from previous experimental data can be
qualitatively arranged, showing considerable variations between
allotropes:

D¢ > Do > Drj >~ Dymo = Dy > Dni = Dge > Dc; in a-Fe

D¢ > Do > Dwmo > Dre =~ Doy > Dy >~ Dy > Drj in y-Fe

2.2. Titanium

Titanium exists as two main stable allotropes, an hcp a-Ti structure
under 1155 K, and a bcc p-Ti structure at higher temperatures [18].
a-stabilizing elements are mostly interstitials (O, N, C), aluminium being
the notable exception. f-stabilizers can be divided in p-isomorphous
elements (Mo, Nb, V, Ta) and eutectoid elements (Mn, Cr, Ni, Fe, Si, Co,
Cu).

Diffusion in «-Ti is known for its anisotropy, with single crystal dif-
fusivities being 1.5 to 2.5 times higher in the basal plane than along the
principal axis for Fe, Cr, Ni, and Mn [19]. Qualitative classification of
diffusivities in polycrystals can be summarized from Supplementary
Tables 2-4, independently from temperature, as follows:

D¢ > Dge ~ Dni > Dy > Doy > Do > Dryj in o-Ti
and D¢ > Dnj > Dge ~ Dyp > Der >~ Do > Dty > Dy in B-Ti

Main titanium allotropes show unusually low oxygen diffusivities at
all temperatures compared to other interstitial elements. Together with
the well documented solubility and reactivity of Ti phases with atmo-
spheric dioxygen [20], this property makes oxygen contamination an
easily overlooked potential diffusion parameter. While Nakajima et al.
mentioned only moderate diffusivities decreases for Fe, Ni and Mn with
small O additions (2.5 at. %) in o-titanium, effects of higher contents
remain unknown [21].

Iron shows fast diffusion in pure titanium, especially in the a-allo-
trope. However, Peart et al. demonstrated that this behavior is highly
sensitive to Fe contents at least in p-Ti, with 15 at. % addition leading to
a four orders of magnitude diffusivity decrease [22].

2.3. 316L

316L is a low carbon quasi-austenitic stainless steel with only traces
of ferrite (from Schaeffler diagram [23]). This fcc crystalline structure is
stabilized by large nickel additions despite a high chromium content. Its
combination of high corrosion resistance [24], work hardening [25-27]
and ultimate tensile strain (50% at 650 MPa [28]) make it an alloy
commonly used for mechanical applications in difficult media (such as
chloride rich environments [29]).

2.4. Intermetallics

2.4.1. FeTi

FeTi intermetallic shows a CsCl bec structure, with lattice constants
close to those of a-Fe (+4% according to Ref. [30]). FeTi is known to be
hard (measured elastic modulus up to 310 GPa [31]), abrasive resistant
and brittle [32]. A large fraction of studies concerning this compound



are linked to liquid processes involving titanium and iron alloys (sol-
dering, laser deposition, etc.), and concentrate on avoiding its formation
to limit embrittlement [33]. Hydrogen storage has long been considered
as a potential application [32,34], with research focusing on solid/gas
interactions mechanisms and their consequences on crystalline struc-
tures [35].

Non-stoichiometry in this intermetallic is common, typically through
iron deficiency. Element substitutions into the crystal lattice (partial or
complete depending on the element) are likewise possible, with Cr, Ni
and Mn replacing Fe, and Mo replacing Ti. In both cases, Suzuki et al.
evidenced improved mechanical properties (higher hardness and yield
stress) and a significant diffusion rate increase [36]. Substitution of iron
by chromium up to 6 at. % [37] is accompanied by a shift towards ti-
tanium deficient non-stoichiometries. A possible replacement of iron by
manganese up to 27 at. % was also mentioned [38]. Nickel has been
shown [39] to fully substitute iron between 1176 and 1273 K, with no
information available outside this temperature range. According to
Knowles et al., molybdenum is only slightly soluble in FeTi, replacing
titanium up to 2 at. % at 1173 K [40].

The only available diffusivity data for FeTi concerns titanium at
1223 K [41]. This element demonstrates a notably high self-diffusivity in
the intermetallic compound, at least one order of magnitude higher than
self-diffusion in pure titanium allotropes (see Supplementary
Tables 2-4).

2.4.2. FeyTi

FeoTi is a Laves type C14 hexagonal phase. While limited literature
was found in the past, this intermetallic compound has recently seen
renewed interest due to the development of additive elaboration
methods, such as laser melting [42], and improvements in welding
processes [43], were it constitutes an undesirable byproduct. It is known
to be hard (1242 HVO0.5 [44]), and brittle [45].

As with all Laves phases, non-stoichiometry is common, chemical
composition can be highly variable, and both iron and titanium can be
substituted by other elements. Chromium was found to fully substitute
iron over 823 K (no data available for lower temperatures) [37,46].
Phase changes to Laves C15 and C36 structures can occur at very high
chromium contents (less than 8.5 at. % residual Fe for C36 and less than
2 at. % Fe for C15). Possible non-stoichiometric range of Fe;Ti com-
pound is diminished by Cr addition. Manganese likewise fully sub-
stitutes iron at 1273 K [38,47]. Nickel can partially substitute iron (up to
20 at. %), at least in the 1173-1273 K temperature range [39]. Molyb-
denum can fully substitute titanium between 1023 and 1173 K [40].

C14 Laves structure is sometimes referred in literature as lambda
phase when either iron or titanium is replaced by other elements. Due to
the lack of systematic investigations concerning Fe,Ti and its variants,
available information about phase stability covers only a limited tem-
peratures range, and is especially lacking for room temperature.
Furthermore, no recorded experiments have explored its self- or hetero-
diffusion properties up to now.

3. Experimental methods
3.1. Bulk diffusion couples preparation

In order to compare their evolution under strictly identical condi-
tions, Fe/Ti and 316L/Ti diffusion couples were associated in a single
experimental setup called a diffusion triplet. It was composed of a four
metal plates stack following the 316L/Fe/Ti/316L sequence (Fig. 1).
This structure allows the study of three interfaces (316L/Fe, Fe/Ti,
316L/Ti) at the same time. Preparation methods applied to each plate in
the stack are detailed below.

Square titanium plates of 10 x 10 x 3 mm (extracted from 406,4 x
127 x 6,35 mm sputtering targets), containing 9.5 at. % oxygen in solid
solution (remaining from the powder metallurgy elaboration process)
and less than 35 ppm of other elements (see Table 1), have been used as

316L steel 304 steel

threaded shafts

Titanium plate Iron plate

Fig. 1. Diffusion couples experimental setup.

the diffusion triplet first inner material. This Ti-O alloy composition
evolves to a duplex a-p structure around 1223-1233 K [48]. Contact
surfaces were mirror polished using an optimized sequence for pure ti-
tanium: SiC paper wet grinding up to P1200, followed by 9 and 3 pm
diamond suspensions, and finally a mix of colloidal silica and Hy02 on
cloth. Typical grain size was around 200 pm.

High purity 10 x 10 x 3 mm iron plates (extracted from 3 x 100 mm
diameter sputtering targets) were used as the second inner material for
the triplet. Metallographic examination revealed a classical polygonal
and equiaxed microstructure, with grains (as revealed by 1% Nital
etching) measuring around 65 pm. Small spherical inclusions (less than
5 pm diameter) were identified as FeO residues from the casting pro-
duction process (see Supplementary Fig. 1-a,b). Contact surfaces were
mirror polished using the following preparation method: SiC paper wet
grinding up to P1200, followed by 3, 1, and % pm diamond suspensions.
Roughness parameters of 15 and 20 nm for Ra and Rq, respectively, were
measured by optical profilometry.

Titanium and iron samples were placed between 10 mm thick 316L
stainless steel plates (20 mm diameter) after ethanol ultrasonic cleaning.
Their inner sides (in contact with titanium and iron, respectively) were
mirror polished using a specified sequence: SiC paper wet grinding up to
P1200, 3 and 1 pm diamond suspensions, followed by diluted colloidal
silica on cloth. Optical profilometry measured roughness parameters of
15 and 20 nm for Ra and Rq respectively. Aqua regia etching revealed
that grain size was in the 30 pm range (see Supplementary Fig. 1-c,d).
Four 304 stainless steel threaded shafts ensured the continuous contact
of the interfaces during the whole thermal cycle, thanks to 304 lower
thermal expansion.

3.2. Sputtered diffusion couples preparation

In parallel to the bulk diffusion couples study, square laminated 316L
square plates of 10 x 10 x 3 mm were used as substrates for PVD
deposition. Initial microstructure (revealed by aqua regia etching)
consisted of 20 pm equiaxed grains (see Supplementary Fig. 1-c).
Deposition surfaces were prepared by mirror polishing (SiC paper wet
grinding up to P1200, 3 and 1 pm diamond suspensions, and diluted
colloidal silica on cloth), followed by 5 min acetone ultrasonic cleaning
and ethanol final rinsing. Optical profilometry revealed roughness pa-
rameters of 15 and 20 nm for Ra and Rq, respectively.

Titanium was deposited in an industrial DC magnetron sputtering
system (Kenosistec model KS40V-113K12). It should be noted that
preliminary plasma cleaning is mandatory to obtain a durable contact
between substrate and coating, leading to delamination during thermal
treatment if disregarded. Detailed experimental conditions are summa-
rized in Table 2.

Coating thickness after a 20 min deposition time was verified by
optical profilometry and was equal to 1.3 pm. As expected with this
deposition technique, roughness measurements showed values identical
to the uncoated substrates. High oxygen presence in the deposited layers
(24.5 at. %) was identified by EDS microanalysis, and is linked to
similarly high contamination of the sputtering target. According to the



Table 1
Bulk plates compositions (ppm; B indicates balance).

Ti (0] Al Ca Cr Cu Fe Ni Si Mn Mo Co \% Zr
Titanium B 95,000 2.1 1.1 1.8 13 4.1 0.01 1 - - - 7.1 0.39
Iron - 50,000 65 - <10 66 B 42 34 48 <10 15 - -
316L - - - - 191,600 - B 113,000 14,800 20,100 14,400 - -
3.4. Characterization methods
Table 2

Experimental PVD coating conditions.

Titanium target

Composition (at. Ti =75.5,0 = Dimensions (mm) 406 x 127 x
%) 24.5 6
Plasma settings
Power (W) 1500 Voltage (V) —340
Current (A) 4.41 Mode Direct
current (DC)
Atmosphere Argon Working pressure 4.4 x 1072
(mbar)
Argon flow (sccm) 80 Residual pressure 7 x 107°
(mbar)
Motion settings
Substrate Circular arc in Arc radius (mm) 95
movement type front of target
Arc angle (°) 30 Nominal speed (rpm) 0.7
Duration (min) 20 Total scans (passes in 142
front of target)

phase diagrams, titanium structure at this composition remains hexag-
onal (a) up to the melting point [48].

3.3. Diffusion conditions

Three thermal cycles (Fig. 2) differing only by their maximum dwell
temperatures (1013, 1123 and 1223 K) were applied to three bulk
diffusion triplets and three sputtered diffusion couples under secondary
vacuum (5 x 10™° mbar). The heating ramp was fixed at 9 K min~! and
the cooling was natural. Each dwell time had a duration of 15 min. These
cycles correspond to typical low-pressure carburizing treatments
(including degassing and plasma cleaning steps), shortened and opti-
mized for shallow (1 pm) carbon diffusion. Observations were carried
out after cross-sectioning, hot mounting and metallographic prepara-
tion. The procedure is identical to the one used for pure titanium, this
protocol allowing simultaneous mirror polish for all phases initially
present or formed in the diffusion triplets and couples.

1293
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. -- \
1093 15 min £ 4
1013.1( . “‘. “ —CyClC
= 1
M \
< 893 \
oA \
5 \
— \
< \
5 VN
S 693 LAY
5 LS
= \

v Natural
\ A
s cooling
R

Time (min)

Fig. 2. Thermal cycles applied to diffusion couples.

The analyses of the diffusion phenomena through interfaces were
carried out at different scales. Macroscopic interfacial cohesion was
assessed by optical microscopy (Olympus BX51 M coupled with Analysis
software). Microstructural and morphological characterizations of the
interfaces and surrounding materials were performed by scanning
electron microscopy (JEOL 7610 F SEM-FEG) in secondary and back-
scattered electrons imaging. Qualitative chemical composition analysis
of the phases was performed by energy dispersive X-ray spectrometry
(EDS) profiles and mappings. Samples surface contamination was
removed by a 5 min plasma etching in the microscope airlock before
each measurement. Investigated elements were Fe, Ti and O for Fe/Ti
interfaces, with the addition of Mo, Mn, Ni, Cr, and C for 316L/Ti in-
terfaces. For light elements (C, O) analyses were carried out at 5 kV
acceleration voltage, while 15 kV were used for other elements.
Elemental analyses were limited by two main factors. First, the uncer-
tainty of the EDS technique was estimated around 1 at. % for almost all
elements. Titanium is a significant exception, as its La line is difficult to
decorrelate from EDS spectra background noise. Consequently, low ti-
tanium contents (0-1 at. %) are typically overestimated (+5 to 7 at. %)
in samples analyzed at 5 kV acceleration voltage, while values obtained
at 15 kV (using Ti Ka line) are reliable. Secondly, the relatively low
lateral resolution of the EDS technique under standard conditions (1 pm)
did not allow a discrete analysis of sub-micron structures formed at the
interfaces. Fine elemental analyses of the Ti/316L diffusion couple
thermal treated at 1223 K (EDS mappings and profiles) were obtained by
transmission electron microscopy (TEM). They were performed on a thin
foil (8 x 5 x 1 pm thickness) centered on the Ti/316L interface prepared
by focused ion beam (FIB) milling using a ThermoFisher Helios Nano-
Lab600i apparatus (see Supplementary Fig. 2). An accelerated ion beam
with a 2 kV voltage was used for 10 min to finish the FIB lamella milling.
These analyses aimed primarily at correlating microstructures visible in
SEM with metallurgical phases, for identification purposes in the other
samples. As such, they were only performed for the bulk Ti/316L couple
at the highest temperature (Cycle 3 in Fig. 2), where structural and
phases variety were maximum. STEM-EDS was performed on a Philips
CM20 FEG HF3300 microscope operated at 200 kV equipped with a
Briiker SDD detector.

4. Results and discussion

Experimental results will be presented by decreasing length scale,
progressively focusing on the diffusion couples interfaces: the integrity
of diffusion couples (10 mm), the microstructural modifications of the
materials forming the couples (10 pm), and finally the direct alterations
happening around and inside the interfaces (1 pm). At each scale, sys-
tematic comparison between configurations of increasingly complex
chemistry and geometry (bulk Ti/Fe, bulk Ti/316L and sputtered Ti/
316L) have been carried out to clarify the underlying chemical reactivity
and diffusion mechanisms.

4.1. Diffusion couples integrity

Macroscopic observations concerning the junction of diffusion cou-
ples interfaces with temperature are detailed in Table 3. They revealed a
major effect of titanium presence.

Every couple involving titanium (whether sputtered or bulk) showed



Table 3
junction formation in diffusion couples depending on dwelling temperature.
Bulk 316L/Fe Bulk Ti/Fe Bulk Ti/ Sputtered Ti/
316L 316L
1013 No junction Full Full Full junction
K junction junction
1123 No junction Full Full Full junction
K junction junction
1223 50% contact surface Full Full Full junction
K joined junction junction

a complete contact between materials starting from 1013 K. On the other
hand, Fe/316L junction did not form, and no mechanical strength could
be observed until 1223 K. The junction was only partial at this tem-
perature, with more than 50% of the interface consisting of porosity as
revealed by optical microscopy observations. This difference can be
attributed to two main reasons. First, the initial direct contact between
iron and steel is delayed due to the passive oxide layer present between
the two materials. In the case of the couples containing titanium, how-
ever, titanium strong affinity for oxygen [20] allows the low tempera-
ture destabilization of the oxides and the early junction formation.
Secondly, Fe/316L interaction relies mostly on iron self-diffusion, which
is at least two orders of magnitude slower (see Supplementary
Tables 2-4) than titanium diffusion in iron, explaining the slow porosity
elimination observed, even once direct metal/metal contact is
established.

As bulk 316L/Fe diffusion couples could not be adequately joined
under the experimental conditions described in 3.3, their diffusion
properties will not be discussed further.

4.2. Long-range microstructure

The possibility of long-range diffusion is limited to bulk diffusion
couples, as the sputtered layer shares the same spatial scale as the
interfacial compounds formed during the experiments (micrometer

measurements, apparent diffusivities were estimated for each visible
layer through dimensional analysis. Systematic comparison with diffu-
sion data for elements in various phases (Supplementary Tables 2-4) can
provide insight into the underlying formation mechanisms. Fig. 3 pre-
sents the SEM observation for bulk Fe/Ti and 316L/Ti diffusion couples
at 1123 and 1223 K. After the thermal cycles at 1013 K, microstructural
alterations are limited to the interface, while higher temperatures allow
diffusion beyond the junction. The chemical reactivity remains local, up
to a temperature ranging between 1013 and 1123 K, at which stage el-
ements can begin to diffuse through the interface. As noticeable when
comparing Fig. 3-a/3-c and Fig. 3-b/3-d, microstructural elements for
each given temperature are essentially the same, independently from the
presence of 316L or iron in the diffusion couple.

At 1123 K, two successive layers are present on the titanium side,
while no large-scale structure variation is visible on the iron/steel side.
Closest to the interface, a 5 pm thick homogeneous layer can be iden-
tified as p-Ti. EDS measurements revealed a stable composition con-
taining around 12 at. % iron in titanium, with no significant oxygen
presence. Dimensional analysis, taking into account the distance from
the interface, allows to associate a diffusivity of D; = 2.8 x 10710 ¢cm?
s7! to this layer. This value matches the oxygen diffusivity in titanium
(instead of the expected iron diffusivity in titanium) at this temperature
(as seen in Supplementary Tables 2-4). A 10 pm thick second layer
shows a o/p-Ti duplex structure, with crisscrossed needles/platelets
contained in a matrix visually similar to the first layer. These needles are
submicrometric, and their density hints at a percolating network layout.
Local elemental analyses, due to this high structural refinement, cannot
give direct access to phases compositions, but global EDS measurements
revealed lowered iron contents (9-10 at. % Fe) compared to the previous
layer. Under the hypothesis of a matrix identical in composition to the
first layer, needles can be deduced to contain a reduced amount of iron,
hinting at oxygen rich residual «-Ti, which was confirmed by the anti-
correlation between iron and oxygen concentrations measured in the
duplex structure (Supplementary Fig. 3). Dimensional analysis, taking
into consideration the distance from the interface, associates a diffu-
sivity of Dy = 2.5 x 107° em? 57! to this layer, corresponding to iron
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Fig. 3. Long-range microstructures for bulk Fe/Ti and 316L/Ti diffusion couples at 1123 and 1223 K (SEM imaging).



diffusivity in p-titanium at 1123 K (Supplementary Tables 2-4). The lack
of microstructure modification in iron/steel can be ascribed to the much
lower (around two orders of magnitude) diffusivity of titanium in
austenite and ferrite.

These elements allow to draw the three following inferences con-
cerning long-range diffusion at 1123 K:

- As revealed by EDS analyses, iron, and to a lesser extend nickel, are
the only elements of 316L steel to effectively diffuse through the
interface. This effect cannot be related to diffusivity differences be-
tween Fe and other elements (Supplementary Tables 2-4), as suc-
cessive diffusion fronts corresponding to each species are not
observable. Thus, interfacial structures act as a filter or trap for most
stainless steel elements.

The existence of two long-range microstructures can be explained by
the insolubility of Fe (O respectively) in a-Ti (B-Ti respectively). o to
B transformation in titanium is triggered by the contact with iron,
rejecting oxygen from it. As diffusivity of oxygen in a-Ti is ten times
lower than that of iron in p-Ti (Supplementary Table 2), oxygen re-
mains trapped behind the iron diffusion front, stabilizing residual
o-Ti inclusions. Observed needle/platelet shape can be linked to
diffusion anisotropy in hexagonal a-Ti [49,50]. Needles percolation
constitutes pathways that allows progressive diffusion of oxygen
towards the untransformed titanium before the iron diffusion front.
This slow oxygen elimination mechanism explains the formation and
growth of the first layer from the second one. As a summary, the first
layer corresponds to fully transformed iron-rich p-Ti, whose advance
is controlled by oxygen rejection, while the second layer corresponds
to the macroscopic o to f titanium transformation, controlled by iron
diffusion.

Long-range structures formation is controlled by iron and oxygen
diffusion titanium. Effects of titanium o to p transformation kinetics
and iron diffusion through the interface are negligible in the detailed
experimental conditions.

Structures observed at 1223 K are globally similar to their lower
temperature counterparts, with the same double homogeneous/duplex
aspect, and lead to the same conclusions. The layer closest to the
interface consists of 15 pm thick p-titanium. EDS microanalyses showed
exactly the same composition as the analogous structure at 1123 K (12
at. % iron in titanium, no significant oxygen amount). Dimensional
analysis (using the distance from the interface), gives a diffusivity of D3
= 2.5 x 10~° em? s~} confirming that oxygen diffusion in p-titanium is
the controlling mechanism for this layer growth (Supplementary
Tables 2-4). The second (duplex) layer shows a gradient structure very
similar to the one observed during titanium/stainless steel diffusion
bonding by Poddar [51]. It evolves from f-titanium (12 at. % iron in
titanium) platelets in o-titanium matrix on the iron (or steel) side, to a
percolating p-titanium network in intergranular position between o-Ti
grains. Due to the absence of a clearly defined delimitation with unaf-
fected titanium, this region thickness can only be qualitatively estimated
around 135 pm. While Poddar [51] interpreted this microstructure as
the result of partial retention of high temperature p phase, this mecha-
nism cannot be confirmed by the observations performed in the present
study. Stabilizing effect of measured oxygen contents (9.5 at. %) is
sufficient to ensure that titanium remains as o allotrope in the whole
temperatures range (up to 1223 K). As a consequence, p-Ti can only be
formed under direct influence of diffusing iron. The structural gradient
can be interpreted as the result of iron fast grain boundary diffusion,
associated with local a to f transition, followed by bulk lateral diffusion
inside grains along preferential crystallographic directions, thus leading
to the platelet shape of residual a-titanium. Similarly to 1123 K, long
range microstructure in iron/steel is visibly unmodified. Low diffusivity
of titanium in austenite and ferrite can explain this observation. The
comparison between the results obtained for the samples exposed at
1123 K and 1223 K suggests that iron diffusion increases faster with

temperature at titanium grain boundaries than in single crystals. These
results contradict former studies (see Ref. [52] for general consider-
ations on grain boundary vs lattice diffusion, and [53] for the case of
a-titanium self-diffusion in particular), which evidenced a general trend
of convergence between diffusion modes at higher temperatures in
various metals. Two main interpretations could explain this discrep-
ancy. A yet unspecified, anomalous diffusion behavior at grain boundary
for the iron/titanium couple. In the absence of experimental proof, this
possibility is supported by several irregularities reported when these
elements interact. Examples include vacancies stabilization by iron ad-
ditions in titanium [53], or iron complexes formation at grain bound-
aries [54]. A more complex grain boundary diffusion mechanism, that
could be based on iron and oxygen incompatibility in titanium (each
being soluble in and stabilizing a different allotrope), and leading to a
lower apparent grain boundary diffusion rate. Since significant iron
diffusion can only happen in p-titanium, oxygen (either as a deliberate
alloying component or an elaboration process contaminant) has to be
depleted first, in order to allow the « to f transition. As a consequence,
initial concentration and lateral rejection rate of oxygen to the neigh-
boring a-titanium grains control the phase transformation advancement.
At low temperatures (<1123 K), this inhibiting effect is sufficient to
reduce iron apparent grain boundary diffusion to similar levels as bulk
diffusion, leading to the observed flat o/p titanium macroscopic inter-
face. At higher temperatures (1223 K), oxygen diffusion in a-titanium is
thermally activated. Lateral rejection of oxygen is quick enough to allow
unhindered advance of iron in titanium grain boundaries. a to p titanium
transition occurs first at boundaries, followed by a slower progression in
grains along preferential crystalline directions.

4.3. Interfacial microstructure

Small scale microstructures (Figs. 4-6) developed at the interface
and the corresponding composition profiles show considerable variation
depending on the considered materials. Consequently, experimental
results will be provided separately for each diffusion couple, in order to
better highlight their evolutions with temperature.

4.3.1. Bulk Fe/Ti

At 1013 K, a heterogeneous (with dark spots) 250 nm layer is present
at the iron/titanium interface (Fig. 4-a). Due to its low thickness, exact
composition cannot be determined by SEM-EDS microanalysis. Classical
Fe/Ti binary diagram [55] supports its identification as intermetallics
(FeTi and/or Fe,Ti). Observed dark spots can be interpreted as either
pores (consequence of an incomplete contact between plates at this
temperature), or the result of mixing between FeTi and Fe,Ti com-
pounds. Small scale diffusion of iron is evidenced by the transformed
750 nm f-Ti layer visible on the titanium side.

At higher temperature, the structures change, then remain qualita-
tively the same at 1123 and 1223 K They consist of two consecutive
layers of the same thickness (175 nm for 1123 K in Fig. 4-b and 350 nm
for 1223 K in Fig. 4-c) at the interface. Composition evaluation by EDS
analysis suggests the formation of the intermetallic compounds FeTi (on
titanium side) and Fe,Ti. Despite highly favorable conditions (Fe
diffusivity in Ti around 100 times higher than the reverse), neither
porosity nor microstructural alteration could evidence any measurable
Kirkendall effect.

Literature addressing pure iron/titanium interdiffusion is both
limited and inconsistent regarding intermetallics formation: none [56],
only FeTi [41], only Fe,Ti [57], and both [58]. It is noteworthy that
Kirkendall effect is only reported when no intermetallics are formed
[56], establishing an incompatibility with intermetallics presence.
Considering unit cell expansion during titanium to intermetallic trans-
formations (+125% volume/Fe atom for FeTi, and +72% volume/Fe
atom for FeyTi, according to lattice constants data [59]), these phase
changes can be understood to trap defects and act as sinks for Kirkendall
vacancies. Consequently, Fe/Ti intermetallics seem to preclude voids
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Fig. 4. Interfacial microstructures evolution for bulk Fe/Ti (SEM imaging), and corresponding EDS composition profiles.

nucleation near the interface. From the literature results, intermetallics
formation itself seems dependent on experimental conditions, and can
probably be traced back to initial interface properties (macroscopic
geometry, roughness, oxidation, grain sizes, impurities segregation,
etc.).

No significant titanium diffusion (>1 pm) is measurable in iron,
which is consistent with literature diffusivity values provided in Sup-
plementary Tables 2—4.

Intermetallics thickening (+100% between 1123 and 1223 K) is
proportionally less than iron diffusion advancement in titanium (+-800%
between 1123 and 1223 K), suggesting that their growth is thus controlled
by compounds formation kinetics rather than Fe diffusion under the
considered experimental conditions.

Growth directions for each intermetallic compound are difficult to
infer from experimental observations alone. Thermodynamic data from
various sources summarized by Gasior et al. [60] consistently classified
FeoTi formation enthalpy lower than that of FeTi. FeoTi to FeTi trans-
formation is consequently disfavored, and FeTi layer can only grow to-
wards titanium. Furthermore, the matching thicknesses of layers reveal
that formation Kkinetics of FeTi and Fe,Ti intermetallics are either
equivalent if layers grow in opposite directions, or that FeTi formation is
twice as fast as Fe,Ti if both layers grow towards titanium.

4.3.2. Bulk 316L/Ti

The observed microstructures for this diffusion couple are more
complex, and phases identification requires coupling SEM observations
with EDS profiles (Fig. 5-a to -c).

At 1013 K, the backscattered electrons images (Fig. 5-a) reveal the
formation of four different layers between 316L and titanium. The first
two on titanium side (200 and 100 nm, respectively) correspond to
consecutive diffusion fronts in titanium. EDS profile (Fig. 5-a) indicates
iron enrichment in the first layer, and both nickel and iron in the second
one. According to the diffusivity data in Supplementary Tables 24, iron
and nickel diffusion in o-Ti are similar and faster than other 316L
constitutive elements. Diffusion kinetics can thus not explain nickel
delayed diffusion in o-Ti. Similarly to the mechanism presented for Fe/
Ti diffusion couples, iron diffusion front (>12 at. % Fe) correlates with
titanium a-to-f} phase transformation. According to Fe/Ti [55] and Ni/Ti
[61] binary diagrams, iron is a stronger p stabilizer than nickel. At 1013
K, allotropic transformation can only be triggered by Fe. Significant Ni
solubility (see Supplementary Table 1) is limited to p-Ti allotrope,
explaining the diffusion delay observed. This effect is probably com-
pounded by the increased solubility of nickel in titanium with iron ad-
ditions [62]. Iron total diffusion distance (300 nm) is smaller than the
one observed for Fe/Ti couple (750 nm) under the same conditions
(Fig. 4-a), suggesting a slight delay in 316L/Ti contact formation. This
hypothesis is supported by larger local porosity visible in the interfacial
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layer (left of Fig. 5-a). Delayed contact can be ascribed both to generally
slower diffusion in austenite compared to ferrite, and higher stability of
passive oxide on 316L than pure iron. A final layer (150 nm thick) is
present on 316L side. EDS profiles (Fig. 5-a) indicate a qualitative
decrease in nickel and iron local concentrations, but its low thickness
does not allow formal identification of this additional phase. However,
austenitic steels and titanium interdiffusion has been studied in litera-
ture under longer dwell times, leading to thicker and easier to analyze
interfacial layers: [51,63-68]. Most authors report a similar structure,
and correlate the layer composition with ferrite, the only exception
being Ghosh et al. [69], whose interpretation involved sigma phase
(FeCr intermetallic) formation.

Interfacial layers grow both in size and complexity at 1123 K (Fig. 5-
b). The first two layers on titanium side (250 nm and 550 nm respec-
tively) share a similar aspect, with a network of fine dark spots and lines
normal to the interface. EDS profiles (Fig. 5-b) reveal a very local in-
crease of nickel concentration (>8 at. %) in the first layer, while the
second one contains mostly titanium and iron in equal contents with
small amounts of nickel (4 at. %). Considering that iron can be fully
substituted by nickel in FeTi (Supplementary Table 1), it can be
concluded that these two layers correspond to a single, 800 nm thick, FeTi
crystallographic phase, with chemical composition variations related to
successive growth steps. The comparison with the equivalent layer in

Fe/Ti couple (Fig. 4-b) shows a slower growth, while long range diffu-
sion of elements is essentially the same. These observations confirm FeTi
evolution characteristics. FeTi grows by advancing in the f-Ti layer.
Intermetallic growth is controlled by compounds formation kinetics. This
mechanism explains activation energies divergences reported in litera-
ture for reaction layers [63]. Most authors incorrectly assumed that such
growth is diffusion controlled. Growth depends on intermetallic
composition. FeTi formation is four times faster when integrating ele-
ments from 316L stainless steel than for pure iron.

The third layer is identical in morphology and thickness (200 nm) to
the corresponding one observed in Fe/Ti couples (Fig. 4-b), and can be
identified as FeyTi. The last layer on 316L side (500 nm) is associated to
a marked increase in chromium contents, up to a concentration higher
than that initially present in 316L steel (35 at. % against 19 at. %,
respectively - Fig. 5-b). Local composition, qualitatively estimated by
EDS measurements (35 at. % Cr, 5 at. % Ni, 5 at. % Ti, 55 at. % Fe),
corresponds to the ferritic domain of the Schaeffler diagram [70].
Chromium segregation near the interface between titanium and
austenitic steels was reported by many authors, and its origin variously
interpreted. Kale et al. explained it as a residue from stainless steel
passive oxide [66]. This hypothesis seems contradicted by two evi-
dences: first of all, measured chromium concentration and layer thick-
ness correspond to much higher Cr amounts than what is typically



Fig. 6. Interfacial STEM-EDS elementary mappings for bulk 316L/Ti at1223 K. a — TEM bright field imaging; b — titanium mapping; ¢ — chromium mapping, arrows
indicate 150 nm chromium segregations; d — carbon mapping; d — iron mapping; d — nickel mapping.

available from a spontaneous oxide covering (<2 nm according to Wang
et al. [71]); secondly, Cr segregation increases with temperature (as
observed by comparison on Fig. 5-a and 5-b). Other authors interpre-
tation focuses on the existence of a chromium chemical activity
gradient, caused by titanium diffusion in steel [51,65,67]. This effect
would be stronger than that of Cr concentration gradient, and lead to
uphill diffusion towards the interface. However, the measured thickness
of Cr enriched area (500 nm thick) corresponds neither to theoretical
diffusion depth for Ti in a-Fe (2 pm using data from Supplementary
Tables 2-4), nor that of Ti in y-Fe (20 nm).

A simpler explanation can be formulated from the characterizations
performed in the present study. Considering that EDS microanalysis is
based on elements concentrations relative to each other, the measured
increase in chromium contents could be linked to simple local depletion
of the other elements instead of chromium segregation per se. As pre-
viously demonstrated, iron and nickel (main y-stabilizing element)
quickly move across the interface and diffuse into titanium; due to very
low self-diffusivity in y-Fe (Supplementary Tables 2-4), the replacement
of depleted iron is slow, causing y to a transformation near the interface.
This mechanism is further magnified by increased iron self-diffusivity in
ferrite, leading to an apparent chromium segregation. Ferrite layer
growth depends on the balance between iron availability from 316L and
its depletion due to diffusion towards titanium. This could explain the
limited Fe depletion measured in ferrite compared to the amount of iron

transferred to titanium. It can be noted that both titanium diffusivity and
solubility are greatly increased in a-Fe compared to y-Fe (Supplementary
Tables 1-4). Under the iron/nickel depletion hypothesis, Ti diffusion in
316L can be understood as a consequence rather than the cause of
austenite/ferrite transformation.

At 1223 K, the microstructures display no qualitative evolution
compared to 1123 K. Interfacial layers (Fig. 5-c) show the same
appearance, and SEM-EDS profiles (Fig. 5-c) are similar to those
measured at 1123 K. However, STEM-EDS maps (Fig. 6) and profiles
(Fig. 7) revealed additional details on formation mechanisms and phases
evolution.

FeTi layer is much larger (1400 nm) than its equivalent in the Fe/Ti
couple, confirming that the growth of this compound is not primarily
diffusion controlled, and chemical composition dependent. The sepa-
ration as two sublayers (corresponding to variable Ni contents) visible at
1123 K is not observable at 1223 K, and TEM-EDS profiles (Fig. 7) evi-
dence a more homogeneous composition corresponding to FepgCro 1.
Nip1Ti. These observations show that nickel and chromium are
integrated at higher temperatures, both in newly grown FeTi interme-
tallic and to already formed FeTi layer, leading to bulk compositional
changes during thermal cycles. According to Gasior et al., partial iron
substitution with nickel in FeTi stabilizes the intermetallic compound
[60]. Late integration of nickel and chromium can thus be interpreted as the
transition between low temperature, formation kinetics, controlled growth
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Fig. 7. STEM-EDS elementary profile across the interface for bulk 316L/Ti at 1223 K. Arrow: titanium carbide grain.

(FeTi) to a high temperature regime, linked to thermodynamic stability ((Fe,
Cr,Ni)Ti). Attempts to formally identify the phase structure through
TEM diffraction met no success, due to pattern superimposition along
the thin foil thickness and to the limited accuracy of lattice distance
measurements in the reciprocal space using electron diffraction. How-
ever, this observation, together with TEM bright field images (Fig. 8),
evidence submicron grain size (100 nm) in this layer.

Fig. 5-c shows dark spots and lines normal to the interface. A similar
structure was interpreted by Shirzadi et al. as pure titanium, without
providing any formation mechanism [68]. However, STEM-EDS maps

Fig. 8. TEM bright field imaging across the interface for bulk 316L/Ti at 1223
K (left: Ti, right: 316L).

comparison revealed that these spots contain both titanium (Fig. 6-b)
and carbon (Fig. 6-d), suggesting formation of TiC as the more likely
candidate. Simple image analysis on SEM pictures reveals a volume
fraction around 8% for TiC in FeTi layer. Such carbon concentration is
beyond what is available from iron directly involved in FeTi crystalli-
zation: titanium carbides grow after intermetallic formation, under the ef-
fect of a carbon flux originating from stainless steel. This hypothesis is
further supported by TiC particles alignment and morphology, which
highlight carbon diffusion pathways through FeTi layer. Finally, TiC
very low formation enthalpy (—184.10 kJ mol ! [72]) confirms that the
proposed mechanism is thermodynamically possible. In keeping with
non-significant carbon contents measured in titanium, FeTi interme-
tallic acts as a filter, trapping this element in the layer. Titanium carbide
formation is controlled by local carbon diffusion, which is confirmed by
experiments performed by on titanium/high carbon steel diffusion
couples, where carbon immediate and massive availability after mate-
rials junction led to interfacial formation of TiC instead of intermetallics
[73].

As evidenced by STEM-EDS profile (Fig. 7), FeoTi phase composition
shows local chromium segregation (18 at. %) close to the solubility limit
(Supplementary Table 1). At the same time, nickel contents decrease
(<2 at. %); this can be attributed to either an incompatibility due to
chromium substitution, or a stronger affinity with the neighboring FeTi
phase. The layer is thinner (250 nm - Fig. 5-c) than its equivalent in the
Fe/Ti diffusion couple (350 nm - Fig. 4-c), showing minimal increase
between 1123 and 1223 K. Such growth inhibition can be ascribed to the
chromium enrichment of neighboring ferrite layer: indeed, thermody-
namic computations [74] show an increase of Fe,Ti formation enthalpy
when Fe is even moderately substituted by Cr, disfavoring intermetallic
compound formation towards stainless steel. These observations also
confirm that Fe,Ti phase grows through progression towards 316L.

Transformed ferritic layer (950 nm) shows large grains around 800
nm. The resulting columnar structure, normal to the interface (Fig. 5-c
and Fig. 6-a), suggests a slow crystallization from 316L. Long-range
progression of iron in titanium and ferrite growth between 1123 and
1223 K are largely uncorrelated, which confirms that a-Fe is not the only
source for iron diffusion in titanium. STEM-EDS profiles (Fig. 6) evidence
the uphill chromium gradient (31-35 at. %) formerly reported by
several authors [67,68], and a similar but opposite iron gradient. Tita-
nium contents are stable along the ferritic layer thickness (4 at. %),
further confirming that Cr segregation is caused by Fe depletion rather
than Ti penetration in 316L steel. Layer evolution thus depends mainly
on a dynamic balance of iron diffusion. Small chromium-rich grains



(<100 nm) are visible at the interface between Fe,Ti and ferrite
(Figure -6¢, indicated by arrows). Considering errors due to grain/ma-
trix superimposition, typical compositions (50 at. % Cr, 35 at. % Fe, 10
at. % Ti) identify these particles as sigma phase FeCr [37,75]. Nucleation
of this new phase is probably triggered by a local increase of the iron
depletion, as titanium additions are instead known to inhibit FeCr
intermetallic compound formation (Fe-Cr-Ti phase diagram [46]). This
mechanism is supported by former works [71,74]: longer dwelling times
lead to continuous sigma phase layer at the interface between Fe,Ti and
ferrite, as well as its progression along ferrite grain boundaries towards
steel. Sigma phase grains formed in contact with Fe,Ti may also have a
pinning effect on the ferrite/Fe,Ti boundary, further inhibiting the
neighboring intermetallic compound growth.

4.3.3. Sputtered Ti/316L

As mentioned in part 3.4, two different settings have been used for
SEM-EDS analysis. Due to the interactions identified between oxygen
and other solute in titanium for bulk diffusion couples (part 4.2),
composition profiles presented in Fig. 9-a to -c were obtained in
experimental conditions optimized for light elements (SEM 5 kV accel-
eration voltage). Improved lateral resolution is a well known secondary
benefit of lowered acceleration voltages during EDS measurements,
reducing the analyzed region to 100 nm diameter [76]. As already
mentioned in experimental methods description, titanium concentration

in 316L is overestimated under these conditions. Quantitative analysis of
316L constitutive elements is not visible on profiles a to c of Fig. 9, but
was nonetheless carried out, and will be described in the following
paragraphs. Secondary electrons SEM images (Fig. 9-a, 9-b, 9-c) appear
substantially different from bulk samples, despite the presence of similar
phases, which can be attributed to edge effects during samples prepa-
ration (micrometer scale coating), and low SEM acceleration voltage
(highlighting surface topology).

In samples treated at 1013 K, the layered structure obtained around
the interface (Fig. 9-a) is identical in both compositions and sizes to the
one formed during bulk Ti/316L diffusion. Starting from titanium side, it
can be described first as non-transformed a-Ti (around 1100 nm thick),
with oxygen contents around 25 at. % (Fig. 9-a). This phase is mostly
unaffected by diffusion phenomena, and retains the properties of the
initial titanium coating. A second 100 nm thick layer of titanium con-
tains 12 at. % iron, highlighting Fe diffusion and subsequent o-to-p ti-
tanium phase transformation. Thickness is similar, if a bit smaller, than
the equivalent layer in bulk diffusion couples (200 nm), and could be
ascribed to non-significant local diffusion variations or diffusion delays.
A second diffusion front corresponds to nickel enrichment of trans-
formed B-Ti (100 nm). The next structure is a very thin darker layer
(<100 nm), that can be interpreted as intermetallics starting to form at
the initial interface between titanium and stainless steel. The final area
is located inside 316L (150 nm), and composed of iron and nickel
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Fig. 9. Interfacial microstructures evolution for sputtered Ti/316L (SEM imaging), and corresponding EDS composition profiles.



depleted ferrite.

As a conclusion, substitution of bulk titanium by PVD coatings causes no
significant effect at the early stages of interdiffusion with 316L stainless steel.

At 1123 K, as visible on EDS profile in Fig. 9-b, the phases sequence
near the interface is qualitatively the same as that observed in bulk
diffusion couples, with quantitative differences suggesting the onset of
diverging mechanisms. Samples surface corresponds to non-transformed
o-Ti. Thickness reduction to 450 nm (from initial 1300 nm titanium
coating) is incompatible with the small measured increase of oxygen
contents (30 at. % in Fig. 9-b). Contrary to bulk samples, oxygen rejection
during a-to-f3 phase transformation is not complete, owing to higher oxygen
concentration in titanium coatings. Next, a 250 nm p-Ti layer contains 12
at. % iron and 16 at. % oxygen. Fe diffusion in titanium coatings is much
shallower than for bulk materials (15 pm deep). Residual oxygen in p-Ti
and slowed iron diffusion seem to indicate that a-to-f phase trans-
formation front is controlled by thermodynamic stability and oxygen parti-
tioning between the phases. While no bibliographic data is available for
Fe-Ti-O ternary system, these observations also prove that some solu-
bility in iron-enriched p-titanium exists for high enough oxygen activity
(somewhere between 10 and 30 at. %). A 700 nm FeTi layer contains 6
at. % oxygen. Similarly to the previous layer, some small oxygen solubility
in FeTi compound exists for high oxygen activity. A dark spots pattern is
visible on SEM images (Fig. 9-b). Contrary to bulk diffusion samples,
these structures are not correlated to increased carbon concentration
and thus do not correspond to TiC phase formation. Consequently,
carbon diffusion into the interface appears to be linked and proportional
to iron diffusion through it, possibly as a result of rising defects gener-
ated by Kirkendall effect.

The summed thicknesses of these three layers correspond to the
initial titanium coating, confirming that intermetallics compounds grow in
the same directions as for bulk samples: FeTi inside titanium and Fe,Ti
inside steel.

Progressing into 316L, the FeyTi layer (100 nm thick) is mostly the
same in composition and size as seen in bulk diffusion couples. A final
chromium-enriched ferrite layer is also present, smaller than its equiv-
alent formed in bulk materials (350 nm against 500 nm, respectively).
The difference is not proportional to the amount of iron and nickel
diffusing trough the interface during their respective thermal cycles,
confirming that the size of this phase is controlled by a dynamic balance
of the diffusing elements.

Microstructures formed at 1223 K show less defined borders and
etching irregularities and, as a consequence, are more difficult to
delimitate through SEM imaging alone (Fig. 9-c). Phase identification
relied mostly on EDS profiles (Fig. 9-c), leading to some spatial resolu-
tion loss. Since diverging evolution from bulk diffusion couples has
already been evidenced at lower temperature, structural descriptions
will concentrate on elucidating formation mechanisms and phases spe-
cific to coated diffusion couples. The outermost layer (500 nm thick on
Fig. 9-¢) presents a smooth aspect and a few darker spots corresponding
to localized etching. This layer contains mostly oxygen and titanium in
equal proportions, which, together with electrical charges accumulation
during SEM imaging, indicates phase change to covalent titanium oxide TiO.
Transformation is probably triggered by partial oxygen rejection at the
iron diffusion front, leading to oxygen progressively concentrating as
a-Ti thickness decreases. Spots are correlated with lower local oxygen
contents (<35 at. %, overestimated due to neighboring TiO matrix), and
could correspond to residual o-titanium. No f-Ti layer remains at this
temperature, the result of iron diffusion being inhibited by rising oxygen
contents in a-Ti and FeTi growth completely replacing f-Ti. Molybde-
num segregation (around 4 at. % - three times higher than in 316L) at the
outer surface (<100 nm) is a common behavior observed in various
oxides [71,77,78]. FeTi layer grows to 1100 nm, leaving no trace of
transformed f-Ti. Oxygen contents are similar to those observed at 1123
K (6 at. %). Increased nickel concentration to 6 at. % is identical to what
is measured in bulk diffusion couples under the same experimental
conditions, while iron diffusion in titanium is much slower. These

observations could confirm that composition changes are related to improved
thermodynamic stability, indicating a shift from kinetics-controlled growth
happening at lower temperatures. SEM images (Fig. 9-c) evidence a spots
pattern similar to the structures visible at 1123 K. SEM-EDS profiles
(Fig. 9-¢) confirm local composition to be compatible with TiO oxide
(area indicated by an arrow on the right side of composition profile in
Fig. 9-¢). The gradient of increasing spots density and diameters towards
the surface indicates a dependency to oxygen contents in neighboring
titanium. The most probable formation mechanism involves a slowed
diffusion of iron in titanium with increasing oxygen presence. The
resulting lateral diffusion of iron (with simultaneous Ti a-to-f trans-
formation) then traps o-Ti oxygen-enriched inclusions in an
iron-enriched -Ti matrix. This structure is significantly different from
the percolating o-Ti network visible in bulk diffusion couples, the latter
allowing progressive oxygen rejection/elimination. The volume reduc-
tion of the inclusions leads to oxygen concentrating, and their eventual
transformation to TiO oxide. This mechanism also explains the in-
stabilities of the iron diffusion front observed in sputtered titanium.
Finally, oxygen maximum solubility in FeTi intermetallic compound can be
estimated at 6 at %.

Total thickness of these first two layers is 1600 nm, more than initial
titanium coating (1300 nm). The difference can be ascribed to the 50%
volume expansion occurring during oxide formation (as estimated from
titanium compounds density data [79]).

FeoTi layer (200 nm thick) shows a homogeneously smooth aspect.
This phase is essentially stable (its low formation enthalpy is confirmed
by Gasior et al. [60]), and its growth is probably further inhibited by the
neighboring ferrite. The ferrite layer is thinner than the one formed in
the bulk couples (600 nm against 950 nm, respectively), with similar
titanium concentration (around 5 at. %). Chromium fraction (30 at. %)
is identical to bulk samples and generally independent from the heat
treatment temperature.

Darker spots in ferrite and into a small neighboring depth (500 nm)
of 316L stainless steel are correlated with an increased titanium and
decreased iron concentrations (27 at. % Ti, and 39 at. % Fe respectively,
from Fig. 9-c). Considering chromium presence (19 at. %) and its
capability to substitute iron in intermetallics (Supplementary Table 1),
these structures can be identified as Fe,Ti compound (Fep 3Crg7)Ti more
precisely). Titanium amounts (measured at 20 kV) at the boundary be-
tween ferrite and austenite depend on experimental conditions: 2 at. %
for bulk samples, and 4-5 at. % for Ti coatings. These observations
reveal a deeper titanium diffusion in non-transformed 316L compared to
bulk diffusion couples, explaining the additional nucleation of titanium
intermetallic compounds in Ti-saturated ferrite and austenite (Arrow on
the left of profile in Fig. 9-¢). Two (non-exclusive) mechanisms could
elucidate such phenomenon: the first possibility is that titanium is
trapped as intermetallics. Indeed, Ti diffuses into and reacts with
stainless steel, forming Fe,Ti. As this compound is thinner (50 nm less
than bulk couples) in coated samples, more titanium is released in 316L.
Considering the limited titanium amounts involved during FeyTi for-
mation, this model is unlikely to account for the whole titanium
measured in 316L (both solid solution and nucleated intermetallics) in
the case of coated couples. The second possibility is that the ferrite layer
acts as a storage for titanium diffusing through the interface. Due to its
higher solubility in ferrite (5 at. % according to Supplementary Table 1),
titanium progression in stainless steel is impossible until complete
saturation of the ferrite layer is reached. In the case of diffusion in coated
couples, ferrite formation is more limited (600 nm instead of 950 nm),
and titanium saturation is consequently more quickly reached, this
element overflowing into austenite. Under this hypothesis, the limited
diffusion of Ti into ferrite layer evidenced for bulk samples can be seen
as a coincidence, since the titanium amount released on 316L side and
the transformed ferrite thickness (demonstrated to be determined by a
dynamic nickel and iron diffusion balance) are not directly related by a
common mechanism.



5. Conclusions and perspectives

As a way to better understand and optimize hybrid processes for ti-
tanium coated stainless steel carburization, increasingly complex
diffusion couples (bulk Fe/Ti, bulk 316L/Ti, and sputtered Ti on 316L)
have been prepared and analyzed by coupled microstructural (SEM,
TEM) and chemical (STEM-EDS, SEM-EDS) characterization methods.
Comparison between Fe/Ti and 316L/Ti bulk diffusion couples allowed
to precisely describe their microstructural and chemical characteristics,
propose evolution mechanisms, and elucidate the early stages of such
joinings formation. The variety of formed phases reported in former
works can be mainly ascribed to species filtering and capturing mech-
anisms taking place in Fe/Ti intermetallics, as well as the transitory
existence of some compounds.

During initial contact, intermetallics that will be the basis for FeTi
and Fe,Ti growth start to form at the junction between materials. Fast,
Ti-p-stabilizing elements (Ni, Fe) diffuse as smooth successive fronts and
trigger a-to-f} transformation in titanium. Chromium diffusion is blocked
by interfacial intermetallics. This obstruction causes local nickel and
iron depletion to trigger austenite to ferrite transformation on 316L side.
Increased solubility in ferrite delays titanium diffusion into steel until
saturation.

During the following kinetics-controlled stage, a duplex a/p gradient
structure is created in titanium by the interplay of oxygen (a-stabilizer)
and long-range diffusion of iron (f-stabilizer). Morphology is controlled
by Fe and O diffusion kinetics rather than thermodynamic stability. FeTi
intermetallic compound grows from the interface into titanium. This
compound acts as a perfect filter for carbon, trapping this element as TiC
particles. Iron and carbon diffusions through the interface appear
coupled. Fe,Ti intermetallic compound grows from the interface into
stainless steel. Intermetallics thicknesses are determined by the forma-
tion kinetics of each compound instead of the elements diffusion ki-
netics. Ferrite layer thickness is controlled by the dynamic diffusion
balance existing between iron depletion into titanium and its supply
from untransformed 316L

During the final transition towards a thermodynamics-controlled
stage, structures remain similar but undergo composition changes to
minimize energy. Iron is partially substituted by nickel and chromium in
FeTi compound and partially substituted by chromium in Fe,Ti com-
pound. Further iron depletion from ferrite leads to an increase in chro-
mium concentration and triggers sigma-phase (FeCr) nucleation, which
will eventually grow to replace its parent phase.

Further comparisons with diffusion couples involving PVD coatings
showed similar, but less defined, interfacial structures. The observed
differences could all be directly related to titanium thickness, with no
evaluable effect of the coating itself. Limited iron diffusion depth in ti-
tanium leads to smaller interfacial structures, proportionally farther Ti
diffusion in 316L and ferrite, and subsequent additional Fe,Ti nucle-
ation. Oxygen rejection from iron diffusion front leads to increasing
solid solution concentration inside o-Ti. The consequences are geomet-
rically unstable boundaries, as well as oxide (TiO) formation, both on
coating surface and as discrete inclusions.

Finally, some phases (§-Ti and FeTi) have been demonstrated to
allow previously unreported solubility under high oxygen activity,
reaching 6 at. % in f-titanium and 16 at. % in FeTi intermetallic
compound.
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