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Abstract. The present study aims at improving coatings to allow higher operating tempera-
tures — up to 700 °C — while resisting hot corrosion in future heat transfer fluids and storage
systems for CSP technology. An aluminide coating was produced onto a 347H austenitic alloy
to resist Li-Na-K molten carbonate corrosion at 700 °C. Multiple surface preparations were
investigated and, after optimization, a new diffusion heat treatment was selected. A homoge-
neous 3-layer coating was formed with Al content reaching up to 69 at.% at the top surface.
Corrosion was significantly decreased by the coating compared to the uncoated material. After
500h-exposure, a 100 pym-thick multi-layered and non-adhesive alkali elements rich oxide
formed at the surface of uncoated 347H alloy. On the contrary, the coated material preserved
its morphology and a mix of a-LiAIO, and y-LiAlO, formed on the top coating. From the me-
chanical perspective, local hardness measurements highlighted a broad variation along the
different layers of the coating. 3-point bending tests showed that deformation in the plastic
domain was required to cause crack formation. Cracks remained in the two outermost layers
of the coating and did not reach the underneath substrate.
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1. Introduction

With the need for the European energy system to become more climate resilient and diversify
energy sources, Concentrated Solar Power (CSP) has attracted growing interest [1], [2]. Since
the 1980s, CSP technology combined with thermal energy storage (TES) systems has consid-
erably evolved, becoming more reliable, efficient and able to store energy for longer durations
[3]. However, its share in the renewable energy market remains too low and the need for ex-
pensive materials capable of withstanding operating conditions makes it uncompetitive and
limits a wider range use [4]. Indeed, corrosive molten salts are used as heat transfer fluids
(HTF) and storage media to transport energy to a power turbine to produce electricity. The
European post-doctoral fellowship COMETES aims to address both issues by developing low-
cost coated materials suitable in current and harsher operating conditions, considered for next-
generation plants.

Slurry aluminide coatings have been shown to significantly improve the hot corrosion re-
sistance of ferritic steels exposed to Solar Salt (60 wt% NaNO3z — 40 wt% KNO3) up to 580 °C
[5]. However, reaching higher efficiencies would require the use of thermodynamic cycles op-
erating at temperatures over 700 °C [6]. Under these conditions, nitrate mixtures are unstable,
decomposing into nitrites (NO2"), which increase corrosiveness and degrade their thermophys-
ical properties. Among other candidates, Li-Na-K carbonate mixtures have emerged as one of
the most promising solution for future HTF and TES media [7], [8]. Their viscosity is compatible
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with pumping systems and their high heat capacity reduces the molten salt amount required
for a similar storage duration. However, the resulting new operating conditions also raise the
corrosion rates, thus an optimization in CSP components design is required [9]. Indeed, ferritic
alloys are unsuitable due to their low corrosion resistance in those conditions but also due to
their low creep resistance over 600 °C [10]. Some authors worked on decreasing the salt
corrosivity to reduce its impact on the material degradation [11] or using surface modified Ni-
based alloys to resist such conditions [12], but those solutions still remain expensive.

Studies have shown that austenitic steels offer satisfactory hot corrosion resistance in
currently used Solar Salt at 565°C [13] explaining why such alloys, like 347H especially, are
used for components in direct contact with molten salts in hot storage tanks. However, in Li-
Na-K carbonate mixtures, austenitic steels underwent rapid deterioration and form multilayered
alkali element rich corrosion scales [14], [15]. Material loss between 150 and 466 um/year —
depending on the exposure conditions — were measured. During the corrosion process, out-
ward Cr-diffusion was observed, leading, for long-term exposure, to significant Cr VI contami-
nation of the salt. This needs to be limited for safety reasons (REACH regulation) and expen-
sive processes are required for salt decontamination once its service life is over. Finally, con-
taminants such as Mg were also detected as dissolved into the melt, limiting the lifetime of the
CSP components by increasing corrosion rates [16].

The objective of this study is to improve austenitic steel hot carbonate corrosion resistance
by using slurry aluminide coatings. Coated solutions have been widely used on ferritic steels
and have demonstrated their efficiency to resist hot corrosion in Solar Salt [5], [17], [18]. How-
ever, few works have focused on austenitic steels at higher operating temperatures and coat-
ing process optimization remains an issue for further industrial applications. Thereby, the pre-
sent work focuses on optimizing the coating deposition process on a 347H alloy. The coating
suitability was evaluated on the basis of microstructural observations, 500h-hot corrosion tests
in carbonates (32.1wt% Li2CO3, 33.4wt% Na COs, 34.5 wt% KCO3) at 700 °C in static condi-
tions and mechanical tests performed before and after hot corrosion exposure.

2. Materials and experimental method

2.1 Substrate

The composition of 347H steel is given in Table 1. It is a Nb- stabilized austenitic steel. A
minimal stoichiometric ratio Nb/C (min 7.7 in weight) is maintained to favour Nb-rich carbide
precipitation and make carbon unavailable for more detrimental carbides. Lower Nb contents
could increase the susceptibility to intergranular corrosion of the steel, whereas high Nb-con-
tents could favour the formation of Laves phases (Fe2Nb) known to be detrimental for the steel
mechanical resistance and especially hot cracking [19]. Ni (10 wt.%) is added to enhance
cracking resistance, Cr improves its corrosion and high-temperature oxidation resistance, and
Mo addition allows a higher resistance to pitting corrosion.

Table 1. Chemical composition (wt.%) of 347H measured by XRF.

Fe Ni Cr C Mn Mo Si P S Nb Al Cu
Base | 95 | 17.3 | 0.05 | 140 | 0.31 | 0.32 | 0.03 | 0.0005| 0.54 | 0.03 | 0.30

347H steel coupons (20x10x3 mm) were cut from 3 mm-thick plates and then ground with
SiC paper grade 180. Before coating and exposure in molten salts, the samples were cleaned
for 5 min in an ethanol ultrasonic bath and dried in air.
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2.2 Coating deposition

Before coating, various surface preparation methods were evaluated on 347H austenitic steel
to optimize the coating microstructure and to comply with industrial practices and requirements
as well as laboratory research:

e Grinding with P180 SiC paper (reference surface preparation)
e Grit blasting:
o with Al,Os3 particles followed by glass beading.
o with SiC particles
o with angular martensitic steel grit
e Chemical attack consisting in 15 min exposure in NaOH 1M at 70-80 °C followed by 10
min exposure in HCI 10 wt.% at room temperature.

Roughness was measured after surface preparation with a Time 3200/3202 surface
roughness tester prior to coating deposition. The aluminide coating was applied by spraying a
proprietary Cr VI-free, water-based Al slurry developed at INTA. The slurry was prepared by
mixing Al powder (J: 5 ym, 99 wt% obtained from Poudres Hermillon) with water and an inor-
ganic binder. An average slurry thickness of 150 um was sprayed onto each side of the sam-
ples. The coated samples were then dried under laboratory air for 1 h. A two-step diffusion
heat treatment was subsequently carried out under Ar at 700 °C for 2 h and 950 °C for 15 min.

2.3. Molten salt corrosion testing

The hot corrosion resistance of coated and uncoated 347H steel was investigated by immers-
ing the samples in a ternary carbonate eutectic mixture (32.1wt% Li>CO3 — 33.4wt% Na>COs3
— 34.5wt% K>CO3) at 700 °C under static conditions up to 500 h. Two types of experiments
were performed for both types of specimens: 1) isothermal exposure up to 500 h and 2) inter-
rupted tests at 24, 48, 96, 168, 241 and 500 h during which the coupons were removed from
the salt, cleaned, weighted and then re-immersed to estimate the degradation kinetic. For each
condition, two identical specimens were fully immersed in a 30 mL alumina crucible filled with
salt and then placed in a Carbolite muffle furnace with a continuous monitoring of the test
temperature. The level of molten salt in each crucible was controlled every two weeks as salts
slightly evaporated, and the crucibles were refilled each time it was considered necessary to
maintain the same salt level in the crucibles all along the tests. Before weighting, salt residues
on the surface were removed by cleaning the specimen in hot distilled water at 80 °C.

2.4. Mechanical characterization

Vickers microhardness was measured with a 50 g-load to monitor the evolution of the local
mechanical properties along the developed coating. These tests were performed according to
UNE-EN ISO 6507-1 standard [20] with a MTS test device. A minimum of 40 measurements
was obtained in the substrate and in each layer of the coating. Additional local Vickers hard-
ness measurements with a 10 g-load were performed in the top layer of the produced coating
to distinguish the different phases composing it. Considering the small area of each phase,
only 1 or 2 measurements were made with 10 g-load leading to no consistent standard devia-
tion. These tests were only used as discussion elements.

Three-point bending tests were also carried out on coated specimens at different strain
levels,1.3, 2.2 and 4.5% , which, according to Fig.1, correspond to the elastic, elasto-plastic
and plastic domains of the substrate, respectively. These tests were performed to investigate
the possible crack formation in the coating. Specific parallelepiped samples (100x10x6 mm)
were designed for bending. Their surface was prepared by grinding with P180 SiC paper and
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the coating was applied on one side of the samples by spraying. The bending tests were con-
ducted so that the coated side was subjected to tensile stresses, intentionally inducing crack
formation.
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Figure 1. Stress-strain curves obtained by 3-point bending of uncoated 347H.

2.5. Microstructural characterization

Optical and digital microscopes (Leica MEF4M and Leica DVMG6) were used to characterize
the cracks formed after the bending test. Field emission scanning electron microscopy
(FESEM, Thermofischer Scientific Apreo C LoVac) associated to energy-dispersive X-ray
spectroscopy (EDS, Oxford Instruments Aztec) was used to characterize the samples micro-
structure, the developed coatings and the corrosion scales formed after hot corrosion tests.
This was coupled with surface X-ray diffraction (XRD) analysis to characterize the coating’s
phases and the corrosion scales. The latter was performed at room temperature with a 6-6
mounting, from 20° to 120° with a 0.5° step and a 2 second holding time, using a Panalytical
X'Pert, Cu Kay (1.5406 A).

Fig.2 summarizes the experimental procedure implemented in the present study.
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Figure 2. Schematic representation of the experimental procedure, including roughness measure-
ments and SEM micrographs of a 347H ground surface (SiC P180) and of a cross section of a coating
produced on a surface grit blasted with SiC particles.
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3. Results and discussion

3.1 Coating development

Roughness measurements were carried out after surface preparation to get a preliminary rank-
ing, as previous works showed an improved coating application for roughness < 1 um on ferritic
steels [21]. Fig.2 shows that grit blasting led to roughness between 1.3 and 3.5 ym except
when using SiC particles which resulted in a significantly lower roughness of 0.7 um (surface
presented in Fig.2). However, all the coatings applied on the grit blasted surfaces had a lack
of uniformity and did not adhere well. In particular, in the case of alumina grit blasting, it was
observed that remaining Al.Os particles at the alloy surface blocked the slurry diffusion during
the heat treatment subsequent to spraying, which is consistent with previous results [21]. Glass
beading after blasting, allowed to decrease this effect and to improve the surface roughness,
but difficulties were found to remove all embedded alumina particles from the surface with this
method. On the contrary, the coatings obtained on ground and chemically attacked surfaces
offered good results, the latter being considered for future industrial application.

Fig.3 shows the coating obtained on the P180 SiC ground surface after diffusion heat
treatment and elimination of slurry residues. A 3-layer aluminide coating formed with various
concentrations of Al, Fe, Cr and Ni, with an approximate thickness of 100 uym (Fig.3a). No
cracks were observed in the coating.

The top layer (Fig.3c) is composed by 3 phases with high Al amounts varying between 50
and 69 at% from the lightest to the darkest phase (Table 2). XRD measurements (Fig.3e)
revealed the presence of Fe Als(Fig.3a, spot 1), as well as Fe- and Al-rich intermetallic phases
FeAl, FeAl»7, which stoichiometry was not clearly identified neither accurately linked with the
contrasts observed on backscattered electron image provided in Fig.3a (spots 2 and 3). In-
deed, both FeAl, and FeAl; seem to fit with the XRD pattern obtained. EDS spot measurements
(Fig.3d) suggest that the darkest phase is Fe,Als and the lightest is FeAl. The intermediate-
grey phase was observed to be Cr-rich (Table 2) with a stoichiometry close to Al.FeCr, alt-
hough not confirmed by XRD. This Cr-rich phase requires further investigation.

The intermediate layer (~30 ym) has a composition (Fe-Al, 50-35 at.%, Table 2) very close
to the light phase composing the top layer, suggesting that both are identical. In analogy to
other works [17], it was identified as FeAl (spot 4). Finally, the inner layer (~25 pm) which
contains up to 15 at.% of Al (Fig. 3a, spot 5) is also rich in FeAl precipitates with the same
composition as the intermediate layer, based on SEM images and EDS analyses.

Table 2. Chemical composition (at. %) of the main three phases composing the aluminide coating, ac-
cording to EDS measurements.

Phase Spot | Al Fe Cr | Ni
Top layer — Dark grey 1 69 | 27 3 |05
Top layer — Intermediate- 2 55| 25 17 1
grey

Top layer — Light grey 3 50 | 335 | 75 |75

Intermediate layer 4 50| 35 | 75 |55
Inner layer 5 14 | 59 [205| 4
Matrix 6 - 69 19 9
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Figure 3. FESEM micrographs of cross-section of the aluminide coated 347H (SiC P180) after diffu-
sion heat treatment of 2 h at 700 °C followed by 15 min at 950 °C in Ar: a) global coating, b) surface
observation and ¢) zoomed-in view of the top layer, respectively. Figure d) is the EDS elemental map-
ping of Al, Fe, Ni and Cr from all the area shown in figure a). Figure e) is the corresponding surface
XRD pattern.

3.2 Mechanical resistance

Given the fact that the coating is composed of 3 layers, some of which are multi-phased, the
question of the mechanical resistance arises. In a first approach, measurements in each layer
highlighted a very high hardness range in the as-coated samples, from 923 HV, s in the top
layer to 407 HVos5in the inner layer (Fig.4). In addition, local hardness measurements with a
10 g-load were performed in the top layer to distinctly distinguish the mechanical properties of
the constituent phases. Values of 1034 HV 001 and 690 HV( 01 were obtained for the darkest
(Fig.3a, spot 1) and lightest phases (Fig.3a, spot 3), respectively. In their paper, Matysik et al.
[22] gathered the results of various studies related to the mechanical properties of Fe-Al inter-
metallic phases and they found out values of 900-1100 HV, for Fe-Als, 691-980 for FeAls, and
400-530 for FeAl. This tends to confirm that the dark phase is Fe2Als, and the lighter phase
could be attributed to FeAls. Nevertheless, the phases recognized as FeAl and FeAl3 are very
close to be unequivocally identified. Further investigations by nano-indentation are currently
underway to confirm the phase identification. It is therefore important to note that there is a
dispersion of microhardness which could affect the deformation behavior possibly favouring
crack initiation.

Three-point bending tests were carried on the coated samples to evaluate the brittleness
of the coating and to characterize crack formation. First, a minimum strain level of 4.5% was
required to form cracks which corresponds to the plasticity domain of the 347H substrate. Ex-
cept for the welded zones [23], such mechanical stresses should not be reached in CSP oper-
ating conditions so that the mechanical resistance of the developed coating is compatible with
the CSP application. However, crack formation and coating mechanical degradation needs to
be investigated considering that damages can occur, particularly during the installation of the
plant components (pipes etc.).

Fig.4 shows a FESEM micrograph of the coated 347H steel after 4.5 % of deformation.
Cracks perpendicular to the tensile stress direction were observed in the two outermost layers
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and stop at the interface between the intermediate and the inner layer or inside the latter. This
raises the question of crack propagation due to the coating brittleness. Indeed, it could have a
detrimental effect from the mechanical point of view, favouring crack initiation and then propa-
gation into the substrate, leading to premature failure. An in-depth investigation of the macro-
scopic mechanical properties of aluminide coated 347H is therefore essential. In addition, sec-
ondary cracks parallel to the tensile stress direction were observed in the top layer. These
cracks seem to follow specific propagation paths across the multiphased top layer. As said
previously, Matysik et al. [22] measured the mechanical properties of various Fe-Al phases
including FeAl; and Fe2Als. Based on length measurements of cracks formed at the corner of
microhardness prints, they were able to calculate stress intensity factors, Kic, finding values of
3.88 and 5.17 MPa.m™"2for FeAl,» and Fe.Als, respectively. FeAl; might thus be more suscep-
tible to crack initiation leading to preferential secondary cracks propagation in the top layer.
Comparatively, the intermediate layer composed by a unique FeAl phase showed almost no
secondary cracks. Additional investigation is ongoing to evaluate the combined hot corrosion
and mechanical resistance of the degraded coating in carbonate molten salts at 700 °C.

Secondary cracks

923 + 46 HV, 45

745 £ 19 HV, (s

407 £46 HV 5

203 + 6 HV, 4

50 pm

Figure 4. FESEM micrograph of a cross-section of the aluminide coated 347H after 3-point bending
test at 4.5% of deformation. Average Vickers hardness values carried out with a 50 g-load in the as-
coated sample are given for each layer.

3.3 Hot corrosion resistance

3.3.1 Gravimetric results after molten carbonate exposure

Gravimetric results of the isothermal and cyclic exposures of the coated and uncoated 347H
in the Li-Na-K molten carbonate mixture at 700 °C are shown in Fig.5. The uncoated samples
show a significant positive mass change (up to ~30 mg/cm?) which was attributed to the growth
of a thick oxide scale at the alloy surface. On the contrary, the coated 347H steel performed
well with a maximum positive mass gain measured of 0.6 mg/cm? after 500 h. This small mass
increase remained quite constant along the cyclic exposure, and it is likely caused by remain-
ing salt residues at the specimens’ surface. Indeed, it was observed that carbonate salts, as
soon as they froze, formed a hard and very adherent salt layer on the sample surface, some-
what difficult to remove from the exposed specimen, even in hot water.
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Figure 5. Mass variation of the coated and uncoated 347H during the isothermal and cyclic exposure
at 700 °C in Li-Na-K molten carbonate sallts.

3.3.2 Microstructures after exposure to molten carbonate salts

Fig.6 shows the microstructure and the EDS elemental maps of uncoated 347H steel after 500
h at 700 °C in molten carbonate salts. A very thick (~100 ym) multi-layered oxide formed
(Fig.6a) with a 2-layer outer oxide and a complex multi-phased inner oxide.

A thin Mn-rich oxide was highlighted on the top surface thanks to EDS mapping (Fig.6c).
This demonstrates fast outward Mn-diffusion from the substrate and through the underlying
oxide layer. Although it was not possible to clearly identify this Mn-rich layer by XRD at this
stage, 1000-hours hot corrosion exposures allowed to identify LiMnO, as the main probable
corrosion product formed.

Underneath, a thick Fe-rich, likely outer growing oxide formed due to outward Fe diffusion
from the substrate to the surface and through the oxide scale. XRD analyses allowed identify-
ing this layer as LiFeO; cubic phase (Fig.6d). For temperatures exceeding 600 °C, White et al.
[24] reported that carbonate salts decompose according to reaction (2). The activity of the Li.O
in the eutectic mixture is known to be significantly higher than the activity of Na>O and K>O. At
700 °C, Li»O dissociates into O% and Li* and the latter reacts with the surface oxide of the 347H
alloy that formed according to reaction (1) at the melt/metal surface interface. This leads to the
formation of Li-rich alkali oxides (reaction (3)), mainly.

2Mn* + nO% « 2MO, (1)
A2,CO3 A0 + CO;,, with A= Li, Na or K (2)
Fe,Os + O% + 2Li* < 2LiFeO (3)

Although not clearly determined, other stoichiometry of Li-Fe-O oxides could form and fit
with some remaining peaks of the XRD patterns —particularly LiFesOs. Indeed, Luo et al. [14]
observed that at 700 °C, the higher reactivity of O% and outward diffusion rate of Fe favoured
the following reaction (4).

LiFeO, + 602 + 4Fe®* <> LiFesOs (4)

As inner growing layer, an internal multi-phased oxide mainly rich in Cr and Fe formed
which was analyzed by EDX measurements and compared with the literature. A Cr-rich layer
was observed, possibly at the initial steel surface between the inner and the outer layers
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(Fig.6c). This could be LiCrO,, although the exposure duration is relatively short to observe
this phase according to Sue et al. [25], or Biedenkopf et al. [26], and its solubility in molten
carbonates is very high. This will be confirmed in a further study where gradual chemical oxide
dissolution and XRD analysis will be conducted to identify all the corrosion products. Under-
neath, Fe- and Cr-depleted and Ni-rich unoxidized “islands” are visible in the inner oxide. As
suggested by Luo et al. [14], intensive outward Fe-diffusion takes place to form LiFeO,, while
simultaneously inward O-diffusion occurs.

Finally, Cr-rich carbides were also observed at the grain boundaries (Fig.6b) of the steel
below the oxide scale, which was expected as a typical evolution of the 347H steel microstruc-
ture after ageing at 700 °C. Those carbides probably correspond to Cr23Cs precipitates [27].

Cr-rich  ¢)
carbides

d) & A o-LiFeO,

50 pm

20 30 40 50 60 70 80 90 100 110 120
2 Theta (°)

Figure 6. Analyses obtained on the uncoated 347H after 500 h in ternary carbonate mixture at 700 °C:
a) and b) FESEM micrographs of oxide’s cross-section and focus on intergranular Cr-carbides, re-
spectively, c¢) is an EDS elemental mapping of Fe, Cr, Ni, Mn, Na and O from area in a), and d) is the
corresponding surface XRD pattern.

Fig.7 shows the evolution of the coated material microstructure and composition after 500
h at 700 °C in molten carbonate salts. First, it is interesting to note that the slurry aluminide
coating performed very well and its morphology remains similar to the as-coated state (Fig.3).
Indeed, it appears that its thickness is stable, the coating is still composed of the three layers
previously described with slight changes in Al contents. Only small changes are to be noticed
after exposure.

Top surface observations of the coating (Fig.7b) evidenced the formation of cuboid-
shaped oxides and very fine grains with a cauliflower morphology. In contrast, no oxide was
observed on the as-coated surface (Fig.3b). XRD analyses (Fig.7e) associated to results ob-
tained by others allowed to identify the cuboid features as y-LiAIO, while the small grains were
identified as a-LiAlIO, which is known to be very stable at this temperature [28][29]. This is thus
promising for longer-term exposure.

In addition, at 700 °C coating-substrate interdiffusion continued. Phase transformations
have occurred in the outermost layer after 500 h, as the lighter, Al poorer phase has increased
at the expense of Fe;Als. The latter was confirmed by the XRD patterns, as the main FesAls
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peak at 43° appears to loose intensity after carbonate exposure (Fig.7e) compared to the as-
coated sample (Fig.3e). Additionally, Cr and Si have segregated at the grain boundaries of the
intermediate FeAl layer (Fig.7c), forming CrsSi precipitates (confirmed by XRD, Fig.7e). These
precipitates were also observed in the outer layer at the interface between the darkest and the
lightest phases (Fig.7c). A direct consequence of the diffusion process occurring during the
molten salt exposure is the formation of voids, especially located near the interface between
the intermediate and the inner layer but also within the top layer (Fig.7a). This can be inter-
preted as a Kirkendall effect likely associated to Al, Cr and Si diffusion. Similarly, the inner
layer thickness increased in the substrate side. Given the limited changes observed and the
formation of a protective oxide layer during exposure to carbonates, the developed coating
shows promise as an alternative material. However, further investigation is needed, particularly
with prolonged exposure.

A o-LIAlO,
€) % 7-LiAlO,
¢ CrSi

B FeAl

% Fe,Alg
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Figure 7. Analyses of the aluminide coated 347H after 500 h in ternary molten carbonate mixture at
700 °C: a), b) and ¢c) FESEM micrographs of cross-section of the coating, focus on the mix a/y LiAlO2
layer formed on the coating surface exposed to the melt, and focus on Cr-Si precipitates formed in the
coating top layer, respectively. Figure d) is an EDS elemental mapping of Al, Fe, Ni, Cr, Si and O from
area in a). Figure e) is the corresponding surface XRD pattern.

4. Conclusion

Hot corrosion in Li-Na-K molten carbonates at 700 °C as well as cracking susceptibility of a
newly developed aluminide coated 347H austenitic steel were investigated. A multi-layered
coating was produced with an Al content reaching 69 at.% on top surface. Gravimetric results
showed a significant improvement of the hot corrosion behavior of the coated alloy compared
to the uncoated one. This was confirmed by cross-section observations: a multi-layered Li, Fe,
Cr and Mn rich thick scale formed on the bare 347H, whereas slight changes were observed
on the coated material after 500 h-exposure in the corrosive melt. In addition, the formation of
a mix of a/y-LiAIO, on the top surface evidenced a high corrosion protection which will be
further confirmed after longer exposures. In parallel, the coating showed heterogeneous me-
chanical properties evidenced by the broad variation of hardness values and the formation of
cracks at 4.5 % of deformation.
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