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Abstract: In order to investigate the effect of vacuum heastiment (VHT) on the
erosion-corrosion performance of Fe-based amorphous allogtimy (Fe-AAC) under
alkaline sand-containing NaCl slurry impingemeng;s€rsM014C15BgY > at.% amorphous
alloy coatings were first prepared via a high-vailoair fuel (HVAF) spraying process and
then vacuum heat-treated at several different teatpes. Experimental results show that the
fraction of the amorphous phase in the coatingedsas with increasing VHT temperature.

The heat-treated coatings exhibit a higher hardoes994 H\4 1 with good wear resistance
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but lower corrosion potentials of ~-0.607 V andaagér corrosion current density of ~7.98 x
10°® A. Erosion-corrosion tests show that the mass loss increaséiseatemperature of the
heat-treatment increasesder the same conditions of slurry pH. Howeverthasslurry pH
values increase, the mass loss of the sample dredtthe same VHT temperature tends to
decrease. The mechanism of erosmmrrosion failure of the Fe-AAC is the synergy aéaw

by fluidity particles on coatings and corrosiorncofrosive media during erosion.

Key words: Fe-based amorphous alloy; Coating; High-veloaity fuel spraying (HVAF);

Crystallization; Wear; Erosion-corrosion

1. Introduction

Fe-based amorphous alloys are characterized by-ilmge order, long-range disorder,
and the absence of crystal defects such as graindavies and dislocations, which make
them have higher strength and excellent anti-carnoand wear-resistance properties4lL
In order to expand the application field of thend aeduce costs, an effective way to prepare
them into coatings is by thermal-spraying processeh as high-velocity air fuel (HVAF).
Nowadays, Fe-based amorphous alloy coatings (Feshate becoming a promising metallic
material with a wide range of application prospestsh as biomedical materials, vehicles,
watercraft, and within nuclear industry under tisearch of many predecessors7b Zohdi
et al. investigated the corrosion behavior ofsE&€rsMo7/B16CsNby (X = 0, 3, and 4 at.%)
amorphous alloy in Ringer's solution with a pH watu5 and open to air at 37°C to estimate
the feasibility of Fe-based amorphous alloy as m@kbiomaterials used in the human body.
They showed excellent corrosion resistance comp#oedi-6Al-4V and no ion release,

implying that these alloys could be applied as latarials [8]. Yao et al. reported that



FesoCri2NbsB2oSi, HVOF-sprayed coating could be an available andgraandidate for
metal-based thermal barrier coating applicatiomahicle engines where heat protection and
associated wear resistance are simultaneously reejyd]. Guo et al. showed that
Feyo LCrigMny gMo7 W1 6B15. L3854 amorphous coating combines high boron content and
good corrosion and wear resistance. It is promisomgunderground applications, especially
the storage of spent nuclear fuels [10].

Among the above-mentioned applications, the haslaesl corrosion resistance of the
coatings are very important indicators. For furtimproving these two indicators, many
efforts have been made by predecessors. The mawrdaaffecting corrosion resistance and
hardness are the composition and structure ofdbengs [1+14]. Elements, such as Cr, Mo,
and Ni, are inherently resistant to corrosion, \utpcevents the corrosion of the coatings by a
mechanism that rapidly forms an oxide film durihg torrosion process. Also, their addition
makes the composition of the coatings more comiglibavhich makes the formation of the
amorphous phase easier during the spraying proeessfurther improves the corrosion
resistance of the coatings [11, 15]. Research hase showed that the coatings with
amorphous/crystalline composite structure prepénetheat treatment have higher hardness
due to the dispersion strengthening of nanocrystradisthe barrier effect of grain boundary on
dislocation [1618]. However, defects, such as pores and crackssedaby improper
selection of spray parameters can significantlyedetate the corrosion resistance and
hardness of the coating [19, 20].

During the drilling process, where the operatingiemmment is similarly harsh, alkaline

NaCl-containing drilling fluid is used to maintathe stability of the drilling hole and the



drilling efficiency. The fluid carrying the rock des during the drilling process becomes
slurry, causing the erosienorrosion behavior, which combines the actions etanical
wear and chemical corrosion [21, 22]. This phenameeaxists in the mechanical overflow
parts such as oil and gas pipelines and water purgpssion-corrosion causes low
mechanical efficiency, short service life, and @asiy affects the stability and safe operation
of the drilling unit. Therefore, drilling equipmeihtas a great demand for coatings having
excellent erosion resistance. Actually, Fe-AACsll shave theoretical advantages in

application, but there is limited related research.

In the present work, EgCrsM014Ci5BeY, (at.%) amorphous alloy coatings were
prepared by HVAF for conducting sand-containing rrgiuimpingement experiments.
Simulating drilling slurry with several controllggH values was also prepared to investigate
the effect of alkalinity in the slurry on the ermstcorrosion resistance of the coatings. At the
same time, in order to verify whether the heatttnesmt has the possibility of enhancing the
erosion-corrosion resistance, several different temperatusé VHTs were applied to
Fe-AACs as-sprayed. The micro-structural charasties, wear behavior, and electrochemical
corrosion behavior of the heat-treated Fe-AACs weuestigated. The mechanism of the
influence of alkaline environment and VHT on erosicorrosion of Fe-AACs under
sand-containing slurry impingement was also disatiss
2. Experiment
2.1 Coating preparation and heat treatment

FeugCrisMo14CisBeY 2 (at.%) amorphous alloy powders prepared by argas g
atomization with a size range of 25-pf were screened out as the feedstock powders for
spraying. The Fe-based powders were then thermsathyed on 35CrMo steel substrates with

a size of 50 mm x 15 mm x 5 miy an HVAF thermal-spraying system with an AK06-2#



spraying gun (Kermetico, USA). Table 1 summarihesdetailed spraying parameters. Before
thermal spraying processing, the steel substrage wleaned by acetone, dried in air, and
then grit blasted with commercial alumina to obtaippropriate surface roughness. The
substrates are preheated one back and forth aheaiing speed of 0.8 m/s. Then, alumina
particles (45—7%um) at a volume ratio of 1:1 were added in feedstoc&void blocking the
nozzle, and it has also been proved that alumimcles can increase the impact effect of
droplets to make coating denser [2BH also has less influence on the corrosion eggistof
the coating in sodium chloride solution [24].

Before the erosioftorrosion test, the as-sprayed coatings were subsdyg heat treated
in a vacuum annealing furnace at 600°C, 700°C, &@fC for 1 h and then subjected to
furnace cooling. T600, T700, and T800 are, respelgti used to abbreviate the heat-treated

coatings. The temperatures of VHT are based oworifstallization temperature of amorphous

phase.
Table 1 Spraying parameters employed in the HVAIE@sS

Factor Parameters
Gun AKOG6-2#
Compressed air flow (psi) 91
Propane flow (psi) 100
Nitrogen flow(L/min) 22
Hydrogen flow(L/min) 30
Spraying distance (mm) 200
Feed rate (g/min) 100
Traverse velocity (mm/s) 500

2.1 Characterization of the coating



Scanning electron microcopy (SEM, MERLIN Compadt|ZS, Germany) coupled with
Energy Dispersive Spectrometer (EDS, Ultim, Oxfdeshgland) was used to examine and
analyze the morphology, microstructure, and comptmef the powders and Fe-AACs.
Transmission electron microscopy (TEM, JEM-210@01, Japan) was carried out to take
bright-field images and selected area electromatifion (SAED) patterns to further analyze
the amorphous phase and crystalline phase in gsafifne preparation of TEM samples
involved firstly peeling the coating from the subst by mechanical method and then
polishing the coating to about 50n, then finally thinning them by the ion-beam nmdji
technique until perforation formation.

The phase compositions of Fe-AAC before and aftdil Were investigated by an X-ray
diffractometer (XRD, D/max-2500V, Rigaku, Japan}hwCu Ko radiation source at a speed
of 4°/min from 20° to 80°.

A Vickers-hardness tester (MICROMET-6030, Buehkemerica) was used to measure
the hardness values of the Fe-AAC before and &t with a load of 1 N and a dwell time
of 10 s. Five measurements were repeated for emtple to ensure the reliability of the
values.

The thermal behavior of the powders and the Fe-A#&3 examined by differential
thermal analysis (DTA, STA499F3, NETZSCH, Germary)a rate of 20 K/min with
continuous heating mode in a flow of argon atmosphe
2.2 \\ear test

Wear tests were conducted on a ball-on-disc wesertdMS-T3000, Huahui, China).
The counter body was s8I, with a diameter of 6 mm, which has a hardness6®01HV
(similar with hard silicified rocks). In the dryiding wear test of coatings, the normal load is
10 N and the rotating speed is 200 r/min (lineafiigy speed is 0.0628 m/s). The test duration

was 30 min (113.1 m), and all of these tests wepeated three times to ensure the reliability



of the data.

The worn surface of the Fe-AACs was measured W@ingurface topography (NexView,
ZYGO, America) to characterize the wear volume. Therphologies and tribochemistry
reaction products of the wear tracks were obsengaty SEM coupled with EDS.

2.3 Electrochemical measurements

Corrosion resistance properties and behavior oFtR&ACs before and after VHT were
evaluated from the polarization curves on a Pabstdt/Galvanostat (Elektrik IM6, ZAHNER,
Germany) in 3.5 wt.% NaCl solution at 298 K in aspbere environment. Electrochemical
measurements were conducted in a three-electrodleTée counter electrode used was
platinum, and the counter electrode was a satuickamel reference electrode (SCE). The
coating samples used as the working electrode pelished by diamond paste to a mirror
finish and closely sealed with ethylene-vinyl ateteopolymer (EVA) resin, only leaving an
area of 1 crhexposed. Before the electrochemical measurensansples were immersed for
several minutes, when the open-circuit potentialPp became steady. The scanning speed
was 10 mV/min. The good reproducibility was ensurgdepeating each test three times.

2.4 Erosion—corrosion test

Erosion-corrosion resistance of the Fe-AACs was carriedusirtg an erosioeftorrosion
tester (MLD-10, Jnyihua, China), as shown in FigThe specimens were fixed on an axis of
rotation with a speed of 200 r/min, and the lineglocity at the mid-plate position was 1.68
m/s. The slurry consisted of 45 vol.% quartz peti¢1-2 mm) and 3.5 wt.% NacCl solution.
The pH values of the slurry were set at 7, 9, ahthyi adding sodium hydroxide to simulate
varying degrees of alkaline environment. Before #nesion-corrosion test, the specimen
surfaces were polished with 1500 grid diamond pdlsen cleaned in alcohol and dried in air.
After erosion-corrosion for 4 h, the specimens wdegreased, rinsed, dried, and finally

weighted using an analytical balance with an aayud 0.1 mg. Each test was repeated at



least three times to get reliable results.

Fixture

Fig. 1 Schematic of MLD-10-type erosion—corrosiestér

3. Result and Discussion
3.1 Characterization of coatings

Figure 2 shows the SEM micrographs and XRD patteinFe-based amorphous
feedstock powders and as-sprayed coating. The pawdpherical and the surface is smooth,
which gives better flowability when sprayed. Afspraying, an Fe-AAC with a thickness of
about 280um was formed on the 35CrMo steel substrate. Thiasrof the coating has a
large roughness, due to the distribution of thedteed structure formed by the cooling of the

droplets. XRD patterns of both feedstock powdeis Be-AACs exhibit a broad halo peak at

20 = 406-50°, but there are also some crystalline peaksctwimean that the powders and

coating are not completely amorphous. The restltsvshat the corresponding components
of the crystal phase in the powders are maihRe, iron carbide, and iron molybdenum. For
the coating, the peaks of alumina are very strong th the addition of AD; particles.
Furthermore, some crystalline peaks in the feedsfmmwvders disappear in the coating,
indicating that the thermal spraying process pr@sdhe transformation of crystal phase to
amorphous, due to the molten particles obtainingg@der quenching rate in the HVOF
process than argon gas atomization through theraofi flattening onto the substrate surface

[25].
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Fig. 2 Microstructure and XRD pattern of feedstpokvders and as-sprayed coating

The bright-field TEM image and selected area ebecttiffraction (SAED) patterns of
the as-sprayed Fe-AAC are shown in Fig. 3. Theusidfl halo rings in the selected area
diffraction pattern indicate that the coatings basically composed of the amorphous phase.
Moreover, the diffraction spots validate the exse of crystals, which further confirm that
the coating was not completely amorphous, which eeasistent with that of the XRD results.
Crystallization in the as-sprayed coatings is myamdlated to the localized reheating that

occurs when the coatings are deposited in a layd¢ayer manner [26].

Amorphous phase

Composite structure

R
§
%

Fig. 3 Bright-field TEM image and selected areaetn diffraction (SAED) patterns of the as-sprayed

coating
Figure 4 shows the DTA curves of powders and aayggr coating. They show the same
exothermic reaction, indicating a crystallizatiamset temperature of 677—-679°C. This means
that the Fe-AAC will crystallize when the VHT termpture exceeds the crystallization onset

temperatureThis provides a basis for setting the VHT tempearatf the coating.
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Fig. 4 DTA curves of powders and as-sprayed coating

Fig. 5 SEM images of cross-sections of the heatdrbcoatings at different temperatures: (a) asysgor,
(b) T600, (c) T700 and (d) T800.
SEM images of cross-sections of the as-sprayedhaatitreated Fe-AACs at different

temperatures are shown in Fig. 5. It can be foinad there are particulate structures in the
coating, which are dark and unevenly distributedont the EDS result, the big dark
particulate structures are /83 particles and the small ones are pores. The pgrosithe
coating after heat treatment tends to decreasethédesult has also been reported in other
studies [27, 28]. There are two possibilities tduee the porosity of the coating caused by
heat treatment. One is a self-fluxing reaction eduduring heat treatment [27]. The other is

related to the phase transformation, in which tteevth or difference degree of expansion of
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new phases may affect porosity [28].
Figure 6 shows the XRD pattern of the as-sprayedhaat-treated Fe-AACs. It is found

that the XRD patterns of the as-sprayed coating leeat-treated coatings under 800°C all

show a broad halo ab2= 40-50°, indicating that the amorphous structure irséheoatings is

within the resolution of XRD. With the increasetemperature, the area of diffuse scattering
peaks is further reduced, and the curve becomegehd-or T800 coating, the diffuse
scattering peaks almost disappear, which meansatlaage number of crystalline phases are
formed. From the pattern, it can be concluded thgstallization behavior occurs at a heat
treatment temperature of 700°C. T700 can keep arityapf amorphous structure. For T800,
the crystalline phases appear in large quantiaes, the major crystalline phases in the

coating are composed of B, B, FarY 2, AloO3, Al1sFe, ando-Fe.

({ ¢ Fez3(C,B)s A AlisFes
0 1 o Fe17Y2 VALO3
A 0 a-Fe

T700

Intensity (a.u.)

T600
\%

As-sprayed =
v

0 30 40 50 60 70 80
2 Theta (deg.)

Fig. 6 XRD pattern of the as-sprayed and heateteapatings

The Vickers microhardness of the as-sprayed anttresied Fe-AACs is presented in
Fig. 7. In general, all of the heat-treated coatiage harder than the as-sprayed coating (746 +
55 HVy.1). Several studies have shown that the microhardnbasging with the heat
treatment temperatures can be classified intondisttages as follows: initially, the hardness
is improved because of the appearance of nanotgypersed in the amorphous phase; then,

the more nanocrystals makes the hardness continionerease [29, 30].
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For T600, since the VHT temperature is lower thandrystallization onset temperature
of the amorphous phase, there is no effect of allytion in this process, and the slight
increase in the hardness of the coating is maioly @ the homogenization of the coating
composition caused by the VHT. This is also thes@aavhy some crystal peaks in the XRD
pattern become weakor T700, which was treated near the crystallizatinoset temperature,
nanocrystalline phases begin to form inside thdimgaThe dispersion distribution of these
nanocrystalline phases, which are hardly detectalilen the resolution of XRD, is the main
mechanism for improving the hardness. The formatiomanocrystalline greatly increases the
grain boundaries due to the Hall-Petch effect aa#ten the hardness of the coatings greatly
improved [31]. For T800, which was treated highamt the crystallization onset temperature,
the coating contains many hard phases of carbidedarides (Fig. 6). The precipitation of
these hard phases and grain boundaries, whichedoaatiers that prevent dislocation motion,

is the main mechanism for improving the hardneasndtically [32].

1000} 91765

863+73
746+55 771257
800 |-
600 |-
400 |-
200 |
0

As-sprayed T600 T700 T800

0.

Vickers microhardness HV

Fig. 7 Vickers microhardness of the as-sprayednmad-treated coatings

3.2. Wear behavior
After VHT, the hardness has been improved dueéacttange of phases in the coatings
as shown above (Fig. 6). According to the Archajdation of Q = % [33, 34], the total

volume of wear debris (Q) produced during wearegatively correlated with the hardness of

the softer contacting surface (H) at a given 10af, (a constant K, and sliding distance (L).
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Therefore, Fe-AAC after VHT with higher hardnessll viave better wear resistance
theoretically.

The 3D topographies of typical worn surface on iogst after a wear test are shown in
Fig. 8. It can be found that as the VHT temperaincecases, the wear scars on the surface of
the coating become shallower, which is consistatit the theory mentioned above. The wear
scar formed on the coatings are rougher and pre$ent distinguishing zones, a dark-color
zone (complete matrix) and a light-color zone cgponding to the highly-oxidized patrticles.
The signal of oxygen is distributed throughout Whear scar and concentrated in the light
areas. Combined with the SEM images and oxygemaipartial map shown in Fig. 9, it is
confirmed that the wear mechanism of the coatingasly oxidative wear. All of the coating
samples have exhibited a similar wear mechanismirdied by oxidative wear. For further

analysis, wear rates were also calculated.

As-prayed

Fig. 8 3D topographies of typical worn surface oatings after wear test: (a) as-sprayed, (b) TE£O,
T700 and (d) T800.
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Fig. 9 SEM images and oxygen surface partial mahefvorn surface on coatings: (a) as-sprayed, (b)
T600, (c) T700 and (d) T800.

Figure 10 shows the wear rates of Fe-AACs afteremrwtest. The wear rate was

calculated using the equation @Qf= ;—"; [35], where Q is the wear rate gim®/ N, Vi is the

wear volume {m®), and N and S mean the applied load (N) and tia $tiding distancepm),
respectively. The wear rate of the T800 specimesnig 79 + 4.2um?/N, which is one-third
of the as-sprayed coating sample (237 + 1818/N), showing very good wear resistance.
This can confirm that appropriate VHT can improlve wvear resistance of Fe-AAC.

300

237+13.8

221+11.6

178+15.6

(3
=3
=]

100

Wear rate (p.m3/ N)

As-sprayed T600 T700 T800

Fig. 10 Wear rates of coatings after wear test
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3.3. Electrochemical corrosion behavior

Figure 11 shows the polarization curves of Fe-AQTS8.5 wt.% NaCl solution. The
corrosion potentials of as-sprayed, T600, T700, &80d0 are -0.309 V, -0.359 V, -0.475 V,
and -0.607 V, respectively. The corrosion curresngities are 2.32 x T0A, 2.89 x 1¢ A,
356 x 1 A, and 7.98 x 18 A, respectively. All of the coating samples shoettér
corrosion resistance than the substrate. On thdewkwe corrosion potential decreases and
the corrosion current density increases with treeiasing temperature of VHT. The result
shows that the corrosion resistance of Fe-AACsitirgy worse. For T600, homogenization
of components and the growth of the original grafier VHT have negative effects on the
corrosion resistance, which makes the heat-treaiating have lower corrosion potential and
higher corrosion current densities than the asyspkasample. For T700 and T800, the
corrosion current density increases rapidlyhe process of electrochemical corrosion. It can
be seen that the transformation of the amorphoaseimto the crystalline phase causes the
decrease of the corrosion resistance. The mainomeaor deterioration of corrosion
resistance are due to the grain growth and crizéithn [36]. Crystallization can increase the
number of grain boundaries, which makes more cHarfoe chloride ions entering into the

interior of the coating to cause serious damage.

1.0

Substrate
= As-sprayed
05F |— 1600
— T700
— T800

0.0 F

-0.5F

-1.0F

Potential, p(vs SCE)/V

3.5% NaCl, 298K

ssnanl PETTTTY BRI | P | aasuul sassal

1S5 PP EEPEPETTT REPRPRTIT BEPUPETTTY EEPEPETT
1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1

Current density, J/(Aocm'z)

Fig. 11 Potentiodynamic polarization curves of oug in 3.5 wt.% NacCl solution

3.4. Erosion-corrosion behavior
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The mass loss and SEM images of the substratgyragesl, and heat-treated coatings
after erosion-corrosion tests in alkalinity sanataining NacCl slurry are shown in Figs. 12
and 13, respectively. Under the same conditionsliwofy pH, the mass loss increases as the
temperature of the VHT increases. Neverthelessimidigs loss of the coating is much smaller
than that of the 35CrMo substrate after an erosmmesion test. It can also be found that as
the pH values increase, the mass loss of the gpatated at the same temperature tends to
decrease.

The damage of coatings shown in Fig. 13 is cond#istéh the change of mass loss (Fig.
12). After the erosion-corrosion tests, the surfatéhe specimens suffered from various
degrees of damage, such as cracking and spallittgeafoatingDue to the low hardness and
corrosion resistance, severe scratches and camrgsducts appear on the surface of the
substrate. For the coatings, the T800 coatingdestpH = 7 slurry suffered the most serious
damage. The damage is caused by the physical imp#woe quartz particles in the slurry and
the chemical corrosion of chloride ions. These fwocesses promote each other in the
destruction of coatingshe corrosion of chloride ion dissolves the oxidatours between
the flattened structures and decreases the congsacwof the coating surface. Thereafter,
cracks appear on the coating under the physicalacgmpf quartz particles in the
erosion-corrosion process, which increases theetarfor chloride ions entering the coating

and further aggravates the corrosion effect.

400 |

w
S
=

200
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>
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Fig. 12 Mass loss of the substrate, as-sprayedheatdtreated coatings after erosion-corrosionirest

alkalinity sand-containing NaCl slurry

2
ENL ST

i |

Fig. 13 SEM images of surface morphology of samafter erosion-corrosion test

VHT can increase the hardness of the coating dubearystallization of amorphous
structure (Fig. 7), which makes the coating hawtebeesistance to physical impact. However,
it reduces the corrosion resistance of the codfingy 11). Compared with the advantages of
hardness increase caused by crystallization, tdeicezl corrosion resistance caused by
crystallization has a greater impact on the eresiorrosion performance.

The pH value of slurry also has influence on envstorrosion behavior. The mass loss
of the sample treated at the same temperature tert#srease with the pH values increasing.

This is due to the fact that the amorphous alldyesCrisM014C15BsY 2 at.%) and 35CrMo

17



tend to form poorly soluble hydroxides or oxidesalkaline solutions that have a protective
effect on the coatings. Previous studies also shesvn that the dissolution rate of the oxide
film will be reduced with the increase of pH duethe more stable performance of iron
oxides in alkaline solutions [37].

4. Conclusion

FersCrisM0o14C15BsY 2 amorphous alloy coatings were fabricated by HVARd the
Fe-based amorphous/crystalline composite coatings different amorphous degrees were
obtained by vacuum annealing at different tempeeatulhe effect of VHT on the hardness,
electrochemical corrosion, and erostoarrosion of the Fe-AACs has been investigated, and
the main conclusions can be summarized as follows.

(1) After VHT, the hardness of Fe-AACs increaseg tlu the homogenization of the
composition, crystallization, and dispersion stteeging of crystals. When the coating was
heat treated at 800°C, the crystallization prodessomes more complete, and the main
crystallization precipitates are £6C,B)s, Fa Y2, and AlsFe,. The formation of hard phases
in the coatings results in the increase of hardnéss Vickers microhardness of T800 exceeds
1000 HVj 1.

(2) VHT improved the hardness of the Fe-AACs, whgieatly improves the wear
resistance of the coating. The wear mechanism efcthating after VHT did not change
significantly, and both were oxidative wear.

(3) Crystallization and grain growth due to VHT riease the number of grain boundaries,
which causes the channels of chloride ions entenitagthe coating to increase. Therefore, the
corrosion resistance of the coating gets worse thghncrease of VHT temperature.

(4) Compared with the hardness enhancement caysed/4tallization, the degradation
of the corrosion resistance caused by crystalbmatias a greater impact on the erosion

performance. Hydroxyl ions in alkaline solution garomote the formation of a protective

18



film (poorly soluble hydroxides or oxides) on theating and substrate, slowing down the

ingression rate of chloride ions and reducing tlassrioss.
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Highlights

® After VHT, the hardness of Fe-AACs increases. The microhardness of T800
exceeds 1000 HV 1.

® VHT improved the hardness of the Fe-AACs, but the corrosion resistance is
getting worse. The wear resistance of the coating becomes better.

® Compared with the hardness enhancement caused by crystalization, the
degradation of the corrosion resistance caused by crystallization has a greater

impact on the erosion performance.
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