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Abstract Most industrial heat-resistant stainless steels contain silicon as a minor
constituent. At high temperature, the internal formation of amorphous silica reduces
oxidation rates but decreases the metal/oxide interface toughness. Tensile testing
experiments performed on AISI 304L previously oxidized in synthetic air for 50 h
at 900 or 1000 °C showed a relation between the silica morphology and location and
the crack patterns. A micromechanical modeling using cohesive zone models to
describe interfaces fracture behavior is proposed to investigate relevant parameters
controlling the silica/alloy interface debonding. Calculations carried out using the
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finite elements method have shown that location of silica inclusions and silica/metal
interface toughness are key parameters determining the cracks pattern morphology
and the critical strain at failure.

Keywords AISI 304L - Tensile testing - Silica embrittlement - Micromechanical
modeling

Introduction

Long-term oxidation resistance of heat-resistant alloys is often a compromise
between chemical and mechanical aspects. Decreasing the oxidation rate and
maintaining good adhesion of the protective oxide layer to the bulk surface is
crucial for life time improvement. Most of the industrial stainless steels contain
silicon, at a level of 0.5 wt% for ferritic grades, up to 2 wt% for austenitic grades. In
terms of oxidation behavior, the optimum value lies at 1 wt% for austenitic grades
with parabolic rate constants at 900 °C reduced by a factor of three compared to
grades with no silicon [1].

It is known that the internal formation of amorphous silica precipitates inhibits
chromium supply to the chromia scale which reduces oxidation rates [1-6].
However, the brittle character of the grown silica is detrimental to the metal/oxide
interface toughness. It is generally observed that adhesion of chromia decreases with
increasing silicon content, with severe spallation when a continuous silica film is
formed at the steel/chromia interface [1, 5, 6]. However, for austenitic stainless
steels oxidized above 800 °C, the accelerated inward interfacial diffusion of oxygen
results in silica internal oxidation along the grain boundaries [7]. In a previous
paper, we have shown that internal oxidation of Si along the grain boundaries
modifies the damaging behavior of the oxide scale [8].

The objectives of the present work are to understand the relation between, on the
one hand, the silica morphology and location, and on the other hand, the mechanical
behavior of the oxidation-affected zone. The experimental part focuses on the
relation between the silica microstructure and crack patterns obtained during SEM
in situ tensile testing after oxidation of AISI 304L in synthetic air for 50 h at 900 or
1000 °C. A micromechanical modeling using cohesive zone models to describe
interfaces fracture behavior is proposed to investigate relevant parameters
controlling the silica/alloy interface debonding. Calculations are carried out using
the finite elements method.
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Experimental Procedures

Austenitic stainless steel AISI 304L (Fe—18.0 Cr—8. 96 Ni—1.13 Mn-0.46 Si wt%)
with grain size around 15-20 pm provided by Ugitech was chosen as substrate.
Details of alloy production and composition are described in [8, 9]. Samples were
obtained from 22 mm diameter rod. Rectangular plates (1-mm thick) were cut in the
longitudinal direction by electrical discharge machining and ground with SiC paper
down to a final grade of P1200. Tensile specimens were machined from these plates
using electrical discharge machining. Their geometry presents a gauge section of
2 mm width by 1-mm thick and a gauge length of 3 mm [8]. Prior to oxidation,
samples were cleaned in an ultrasonic bath with acetone followed by high-purity
ethanol.

Tensile specimens were oxidized in a tubular furnace for 50 h in synthetic air
with a flow rate of 0.6 1 h™'. The temperature was set at either 900 or 1000 °C. The
heating rate was set to 60 °C min .

Oxidized tensile specimens were loaded into a homemade micromechanical
device adapted into a JEOL JSM 6400 scanning electron microscope (SEM). This
device permits the continuous observation at a microscopic scale of mechanical
damages, such as cracking and spalling, at the surface of the oxide layer. A
displacement rate of 50 um min~' was chosen. Additional information on the
tensile testing experimental procedure is available in [8, 10].

In order to characterize the oxidation-affected zone in the substrate beneath the
oxide scale before and after tensile testing, the oxide scale was chemically or
mechanically removed. Surface polishing was performed on as oxidized samples
whereas chemical etching for 4 h in (KMnO, + NaOH) solution at 90 °C was
performed on oxidized samples after tensile testing. Surface observations were
performed with an optical microscope and a scanning electron microscope (SEM)
FEG ZEISS ULTRA 55 in secondary electron (SE) mode.

After tensile testing, the oxidized samples were cross-sectioned and prepared for
metallographic analysis using conventional techniques, i.e. grinding, polishing and
fine polishing. Prior to mounting, the samples were coated with a thin epoxy resin
layer to protect the oxide scale and the crack pattern. The morphology and
microstructure of the oxide scale and the oxidation-affected zone of the strained
samples were characterized using a SEM FEG ZEISS ULTRA 55 equipped with
EDS analysis in backscattered electron (BSE) mode. Thickness measurements were
performed on SEM cross sections using Fiji-ImageJ software [11].

Results and Discussion
Experimental Results
Figure 1a and b shows optical micrographs of the oxidation-affected zones after

50 h at 900 and 1000 °C respectively. The presence of remaining spots of oxide
scale on the surface indicates that the observed areas were located right beneath the



1 900 °C

Fig. 1 Optical micrographs of the oxidation-affected zones, beneath the oxide scale, grown on AISI
304L oxidized for 50 h in synthetic air at a 900 °C and b 1000 °C. The oxide scale was removed by
surface polishing

oxide scale. For both temperatures, the metal grain size is around 40 pm indicating
grain growth during oxidation. Sub-surface observations reveal internal oxidation,
appearing in black. After oxidation at 900 °C, strings of small precipitates decorate
the substrate grains boundaries (Fig. 1a) whereas at 1000 °C, formation of oxide
occurs as a thin and continuous network along the grain boundaries (Fig. 1b).
Figure 2 shows SEM surface views in SE mode showing the crack pattern
(a)(c) and cracks details (b)(d) after tensile testing performed on AISI 304L
oxidized for 50 h at 900 °C (for 63% strain) and 1000 °C (for 43% strain),
respectively. In order to highlight the crack paths, the oxide scale of the 1000 °C

Tensile direction

(a)F

Fig. 2 SEM top surface views of the oxide scale in SE mode after tensile testing performed on AISI
304L oxidized for 50 h in synthetic air at 900 °C (63% strain): a crack pattern and b crack details and at
1000 °C (43% strain): ¢ crack pattern and d crack details after chemical etching to remove oxide scale



sample was removed by chemical etching in (KMnO,4 + NaOH) solution at 90 °C
for 4 h (Fig. 2d).

Two key features of the crack patterns can be noticed. First, no spallation occurs,
even for large strain ratio. Second, the cracks remain perpendicular to the tensile
direction, whereas they do not propagate straight as usually observed [12]. It has
been shown in [8] that during tensile testing, cracks open due to the ductile
deformation of the underneath substrate. This results in wide cracks formation with
bare metal appearance at the cracks roots as seen in Fig. 2b. For the sample oxidized
at 1000 °C, cracks are longer and present chevron-like shape. For the sample
oxidized at 900 °C, it can be noticed that for a few cracks plastic deformation of the
metal at the crack root does not occur (see left arrow in Fig. 2b).

SEM cross sections and EDS maps after tensile testing of oxide scales thermally
grown on AISI 304L for 50 h at 900 °C or 1000 °C are shown in Figs. 3 and 4
respectively. After tensile testing, the metal/oxide interfaces remain adhesive with
no evidence of oxide scale spallation. The metal/oxide interfaces are undulated and
the oxide scales are continuous. Oxide scales thicknesses are about 2.5 &= 0.5 pm
and 4 = 1 pm after oxidation at 900 and 1000 °C respectively. A duplex structure is
evidenced by EDS mapping and corresponds to the well-described regular situation:
a (Mn,Cr);04 spinel top layer and Cr,Oj; rich inner layer [9, 13, 14]. At 1000 °C, the
outer spinel layer is continuous, characterized by large micro-crystallized grains
inducing variations in scale thickness.

Formation of needle-like internal precipitates of SiO, is also observed. This
result can be related to the intergranular oxidation patterns as shown in Fig. 1. The
growth of SiO, along the grain boundaries of austenitic stainless steels oxidized
above 800 °C has already been observed in literature [2, 8—10]. The morphology
and size of the oxide particles are linked to the accelerated inward interfacial
diffusion of oxygen along the interfaces between internal oxides and the alloy grains
compared to lattice diffusion in the substrate. This results in the formation of
needle-like precipitates with deep penetrations. The temperature is known to affect
diffusion processes and then the oxide growth rate so that particle size increases
with increasing temperature [7].

At 900 °C, intergranular precipitation of silica is discontinuous and characterized
by strings of small individual particles (Fig. 1a), with a penetration depth of about
6 =+ 1 pm (Fig. 3a). After a 1000 °C thermal treatment, intergranular oxidation of
Si occurs as a thin and continuous network encompassing several grain boundaries

Fig. 3 a SEM cross-section in BSE mode and b EDS map, after tensile testing performed on AISI 304L
oxidized for 50 h in synthetic air at 900 °C (63% strain)



Fig. 4 a SEM cross-section in BSE mode and b EDS map, after tensile testing performed on AISI 304L
oxidized for 50 h in synthetic air at 1000 °C (43% strain)

(Fig. 1b). The penetration depth reaches 12 £ 2 um (Fig. 4a), about two times the
penetration depth obtained after oxidation at 900 °C.

In a former paper dedicated to results obtained on samples oxidized at 1000 °C
[8], it was shown that internal oxidation of Si plays a key role on the overall
mechanical behavior during tensile testing. In summary, the cracks in the oxide
scale were linked to the silica embrittlement of the grain boundaries in the
underneath substrate. It was also observed that the localized plastic deformation of
the metal at the crack root decreases the strain transferred to the oxide film
preventing oxide scale spallation.

In the present study, temperature dependence is evidenced. The difference
between crack patterns observed at 900 and 1000 °C are related to silica
morphology and location. During tensile testing, strings of small SiO, precipitates
generate short cracks (900 °C case), whereas a thin and continuous network of silica
along the grain boundaries induces long chevron-like cracks (1000 °C case).

Micromechanical Modeling

In order to investigate relevant parameters controlling the silica/alloy debonding, a
micromechanical modeling is proposed. A 2D plane strain framework is considered.
The following geometrical parameters of the oxidation-affected zone are consid-
ered: size, morphology and distance between inclusions, thickness of the oxide scale
and cracks formation through the oxide scale. The geometry of the model is shown
in Fig. 5 and the dimensional geometric parameters estimated based on the
experiment performed at 900 °C for 50 h, are summarized in Table 1. The
interfaces were assumed to be flat. The width W of the model is set to the mean
distance between two silica inclusions. The thickness ratio H/h between the oxide
scale and the bulk is 30. A crack formation in the oxide scale is considered. Two
crack/inclusion distances d were studied: 1.7 um and 3.9 um. The first one is the
“close crack geometry” and corresponds to one-sixth of the distance between two
inclusions. The “remote crack geometry” will refer to the second one and is set to
one-third of the distance between two inclusions. These two geometries aim at
describing fracture behavior observed after tensile testing on the sample oxidized at
900 °C for 50 h. According to Fig. 2, cracks opening due to the ductile deformation
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Table 1 Dimensional parameters of the finite element mesh (pum)
Oxide scale Inclusion Metal
Thickness (h) 2.4 Length (1) 5.7 Thickness (H) 72
Crack/inclusion distance (d) 1.7 or 3.9 Width (w) 0.6 Width (W) 25.6

of the underneath substrate is mainly observed whereas for a few cracks, plastic
deformation of the metal at the crack root does not occur. The loading consists of an
applied displacement U on the right edge of the cell in direction x, resulting in a
nominal applied strain & = U/W.

Material data are shown in Table 2. For the oxide scale, we consider an elastic
film with the mechanical properties of Cr,O5 [15]. The inclusion is related to SiO,
and has a pure elastic behavior [16]. The metallic substrate has an elastic—plastic
behavior. A plasticity model based on the Von Mises criterion (J2 plasticity) with
isotropic hardening is chosen. The hardening is calibrated based on the stress—strain
curve of the tensile testing. In order to account for cracks initiation and propagation
at interfaces and in the oxide scale, a cohesive zone model is used [17, 18]. The
constitutive behavior of interfaces consists of a traction versus separation law is
presented in Fig. 6. Due to interaction between the two separating faces, the traction
& depends upon the separation vector d, which is the relative displacement between
opposite crack faces at a point initially joined on the interface. The separation and

Table 2 Material data for the micromechanical model

Section Material Mechanical properties

Young’s modulus (GPa) Poisson’s ratio
Oxide scale Cr,03 230 0.25
Inclusion SiO, 72 0.17

Metal AISI 304L 190 0.29




Fig. 6 Traction versus
separation law describing
interface fracture behavior

5, 8

traction vectors can be resolved into their normal components (3,,, G,,), the opening
or mode I contribution, and their tangential components resolved in the direction
normal to the crack front (J;, ,), the shearing or mode II contribution.

A mixed-mode traction versus separation law is described through a linear/soft-
ening model. According to Fig. 6, prior to attaining the peak traction, the traction—
separation relation is linear and reversible:

=Ko (1)

with K being the stiffness. For any combination of traction components (a,, 7,),
peak values (o, oy) related to crack initiation in the cohesive zone model, are

reached when:
o, \2 o \?
n t
p— 2
(=) () g

where ¢, " is the maximum traction in mode I and ¢;"** is the maximum traction in

mode II. The corresponding separations at the peaks are §' = (0!, ;). Once peak
traction is attained, softening sets which results in decreasing traction (see Fig. 6).
The separation energy or interfacial toughness G. is the area under the curve.
Cohesive zones were assigned to the metal/oxide (MO) and to the metal/inclusion
(MI) interfaces and to the crack considered in the oxide scale (Ox). The positions of
the cohesive zones in the finite element model are shown in Fig. 7. Maximum
tractions (0,5 ,07% ") and separation energies (G.,) — o refers to MI, MO, or Ox—
assigned to the cohesive zones are shown in Table 3. In the following, the maximum
traction of the MO interface for mode I contribution 0,370 and the separation energy
G.mo are constant and arbitrarily set to 600 MPa and 3 J .m~?, respectively. The
order of magnitude of ,'}7o and G, 0 is in agreement with literature [17]. The
shear coefficient o describing the relation between the shear separation and the
normal separation can take an arbitrary value [17]. In the following, this value is set
to 5. The value of the initial stiffness K has to be chosen high enough to avoid any
excessive artificial elastic opening of the cohesive zone prior to damage
initiation.Calculations of the equivalent plastic strain ¢, during tensile testing are
carried out using the finite elements software ABAQUS [19]. Periodic boundaries




Oxide (O) CZM for the initial

\ crack in the oxide (Ox)
Inclusion (1)

I~ CZM for the metal oxide
interface (MO)

__ CZM for the metal
inclusion interface (MI)

Metal (M)

Fig. 7 Positions of the cohesive zone models (CZM) in the finite element model

Table 3 Maximum tractions and separation energies of the metal/oxide (MO) and the metal/inclusion
(MI) interfaces and of the crack considered in the oxide scale (Ox)

Metal/oxide interface (MO) Metal/inclusion interface (MI) Oxide/oxide interface (Ox) (initial crack)

Tndto 600 MPa onanr - From 0.1 to 1.5 oo an'ox From 1072 to 50 Tndto
max max max max max max
0r,.MO 50',,7/\/1() Or.MI 50',,,/\/11 01,0x 50_,,,())(
-2
Gemo 3Jm Gepr From 0.5 to 1G, y0 Geox Gemo

conditions are used. Attention is paid to the applied critical strain values necessary
to break the MO and the MI interfaces.

For calculations performed with the highest values of gg:*, no debonding occurs
until the applied critical strain for crack formation in the oxide is reached. This
result indicates that crack formation in the oxide is a necessary condition to break
MO or MI interfaces. On the other hand, low gp:* values do not influence the
applied critical strain for MI or MO interface debonding. Crack formation allows
relaxing stress in the oxide scale and dissipates the elastic strain energy. Once the
critical strain for crack formation is reached, the elastic energy stored in the oxide
scale is released. The average stress is lowered but its distribution is no more
homogeneous especially high stress concentration grows up in the metal beneath the
crack tip. The plastic strain in the metal propagates with increasing loading from the
stress concentration zone at crack tip into the bulk and can reach the inclusion.
Depending on the properties of the MI interface, inclusion debonding may occur.
Investigations performed on the separation energy shows that, as expected, the G, 5y,
values do not influence the critical strain for initiation of the inclusion debonding
but rather the crack growth along the MI interface.

Figures 8 shows the applied critical strain values necessary for inclusion and
oxide scale debonding as a function of R, the oy /a5 ratio, for distances between
inclusion and crack in the oxide of 1.7 um (close crack geometry) and 3.9 pm
(remote crack geometry). Damage patterns showing the equivalent plastic strain for
different values of R for corresponding applied strain of 4% for the close crack
geometry and 8% for the remote crack geometry are displayed as insets. For the
close crack geometry (Fig. 8a), tractions ratio lower than one favors the inclusion
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Fig. 8 Evolution of the applied critical strain value as a function of R, the ratio gy /a0, for a close
crack geometry (d = 1.7 um) and b remote crack geometry (d = 3.9 pm). Insets: equivalent plastic
strain

debonding process (A area). The critical strain increases with increasing ratio (full
black squares). When the maximum traction necessary to open the MI interface is
greater than the one of the MO interface (R > 1), damaging behavior changes and
decohesion of the oxide scale is favored (empty black squares, B area). The applied
critical strain for MO interface debonding remains constant with increasing ratio
since only the value of oj;7* varies in our calculation, ¢35 remaining constant.

For the remote crack geometry (Fig. 8b), these two behaviors are again observed,
with an overlap for intermediate values of R. Single inclusion debonding occurs for
ratio lower than 0.8 (A area), whereas single-oxide scale decohesion arises for ratio
greater than 1.2 (B area). The transient stage is observed for R varying between 0.8
and 1.2 and is characterized by the decohesion of both interfaces (C area). In this
stage, even for gy /oy ratio lower than one (metal/inclusion interface weaker
than metal/oxide interface), the traction value near metal/oxide interface can reach
the maximum traction value for decohesion for lower critical stress than metal/
inclusion interface. It results in a plateau value since ajjpis constant in our
calculation. Finally, the shape of the curves corresponding to the sole phenomena do
not depends on a close or a remote crack geometry. Nevertheless, since the
expansion of stress concentration zone from the crack tip to the inclusion requires
higher applied strain values for the remote crack geometry than for the close crack
geometry, the maximum traction for inclusion debonding is reached for higher
applied critical strain value for the former. For a ratio oy /oyo = 1, applied
critical strain is about 5% in the remote crack geometry instead of 1.3% in the close
crack geometry.

The simulated damage patterns (insets in Fig. 8) can be compared to the SEM
cross section after tensile testing performed on AISI 304L oxidized for 50 h in
synthetic air at 900 °C (Fig. 3). It seems that the close geometry configuration
associated to value of R lower than one is the most likely. In the experiments first
cracks are observed around 4% strain. In the model, the critical strain for inclusion
debonding varies from 0.2 to 1.3% (see full black squares curve in Fig. 8a), area A),
and at strain around 4% the metal inclusion interface is widely opened (see inset in

Fig. 8a): for R = 0.5, the opening is about 1 pm). Moreover, in the experiments, the



distance between crack and inclusion is shorter. According to the finite elements
calculations, this configuration will lower the applied critical strain for inclusion
debonding even more.

This outlines the difficult comparisons between experimental and numerical
patterns. The various morphologies of the oxide grains increase the contrast of the
surface SEM images making cracks identification more difficult. Moreover, SEM
in situ tensile testing experiment focuses on what occurs at the oxide surface and
magnification is a compromise between resolution at the scale of the phenomenon to
be observed and observation area size large enough to be representative. It is likely
that crack formation takes place at lower strain value than observed. SEM
observations are more related to the first steps of the crack opening rather than the
crack formation. In order to improve the comparison between experiment and
simulated patterns, criterion based on applied critical strain values for oxide crack
opening would be more relevant.

Conclusion

Tensile testing experiments performed on AISI 304L previously oxidized in
synthetic air for 50 h at 900 or 1000 °C have shown that intergranular oxidation of
Si plays a key role on the overall damaging behavior of the steel. The accelerated
inward interfacial diffusion of oxygen along the grain boundaries promotes the
formation of needle-like internal oxides of silica with an increase of particle size
with increasing temperature. Crack patterns were linked to the silica embrittlement
of the alloy grain boundaries. At 900 °C internal oxidation of silica is discontinuous.
When submitted to tensile testing, these small SiO, precipitates generate short wavy
cracks. At 1000 °C a thin and continuous network of silica forms. During tensile
testing, this network induces long chevron-like cracks.

A micromechanical modeling using traction—separation laws to describe
interfaces fracture behavior was proposed. Calculations with periodic boundaries
conditions were carried out using the finite elements method. One of the
investigated parameter was the distance between a transverse crack in the oxide
scale and a silica inclusion.

Crack formation in the oxide scale is found to be a necessary condition to break
metal/oxide or metal/inclusion interfaces. Crack formation lowers the average stress
in the oxide while a high stress concentration zone develops in the metal beneath the
crack tip. The expansion of this stress concentration zone from the crack tip to the
inclusion requires higher strain values for larger crack/inclusion distance. Inves-
tigations performed on the separation energy have shown that the toughness of the
metal/inclusion interface does not influence the critical strain for initiation of the
inclusion debonding but affects the crack growth. Maximal stress for interface
debonding is found to be a key parameter regarding the crack patterns morphology.
When the maximum traction necessary to open the metal/inclusion interface is
lower (greater) than the one of the metal/oxide interface, decohesion of the inclusion
(of the oxide scale) is favored. For the remote crack geometry decohesion, both
interfaces are observed for close values of maximum tractions. The damage



morphology after tensile testing observed by SEM cross section appears to be better
reproduced by the simulation in the close crack configuration, with values of
maximum traction for interface debonding lower for metal/inclusion interface than
for metal/oxide interface.
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