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Effect of Vibration on Remanufacturing Microstructure of
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Abstract: The remanufacturing experiment of FV520B precipitation hardening stainless steel was carried out by metal active
gas arc welding (MAGQG) surfacing deposition technology. On this basis, the characteristics of remanufacturing microstructure
were analyzed, and the effect of mechanical vibration on remanufacturing microstructure was studied. The results show that
the remanufacturing microstructure of FV520B stainless steel by MAG surfacing deposition technology is composed of
martensite+carbide precipitation-hardening phase. It exhibits a characteristic of periodical variation along the direction of
forming height, which is described by certain self-similar fractal characteristics. The vibration increases the probability of twin
formation to some extent, which has a broken effect on the martensite lath. The width of the martensite lath decreases first and
then increases with the continuous increase of the vibration rotation rate. Affected by the vibration, the lattice distortion and
the preferred orientation (TC) of each crystal plane are changed. However, the change rule of different crystal planes is
different. The Bragg diffraction peak positions of planes (110) and (211) shift toward the direction of lower diffraction angle
due to the addition of vibration. Furthermore, the offset increases first and then decreases with the continuous increase of the
vibration speed. Meanwhile, the FWHM of diffraction peak (110) decreases first and then increases while the preferred
orientation of this crystal plane increases first and then decreases. Within the range between 0 and the resonance speed, the
FWHM of diffraction peak (211) decreases first and then increases with the continuous increase of the vibration speed, and
then decreases again when the vibration speed is higher than the resonance speed. However, its TC continues to increase with
the increase of the vibration rotation rate. In general, the sub-resonance frequency (the vibration rotational speed /~3000 r/min)
has the most significant effect on the remanufacturing microstructure of FV520B stainless steel using MAG surfacing

deposition technology.
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FV520B stainless steel is a kind of martensitic precipita- medium .
tion-hardening stainless steel, with the advantages of high Although FV520B stainless steel has excellent properties,
strength, good weldability and easy processing etc. It is its price is very high. Meanwhile, the blade has very short
mainly used for manufacturing medium-high-speed wind lifetime and is easy to reach the failure point under harsh
turbine blades with some abrasive particles and corrosive working conditions. So, it has important economic signifi-
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cance and academic value to research the remanufacturing
of failure components of FV520B stainless steel. At present,
there is few relevant research that has been carried out
abroad on FV520B stainless steel °. Domestic in-depth
studies have been carried out on the machinability of
FV520B stainless steel [("8], stainless steel heat treatment
technology and property®'?!, FV520B stainless steel weld-
in g[13»17]
search basis behind remanufacturing components of

and surface hardening of this steel''™'”). The re-

FV520B stainless steel is, however, still relatively weak.
Only a few studies on remanufacturing of FV520B stainless
steel by the laser cladding forming (LCF) technology have
been reported'**". Research on remanufacturing of FV520B
stainless steel by surfacing deposition technology has been
seldom reported. In contrast, active gas arc welding (MAG)
surfacing deposition technology has the advantages of high
efficiency, high material utilization rate and low cost etc.
Therefore, this paper mainly studied the characteristics of
remanufacturing microstructure and the effect of mechani-
cal vibration on FV520B stainless steel by adopting the
MAG surfacing deposition technology. It lays the founda-
tion for clarifying the remanufacturing characteristics of
FV520B stainless steel by MAG surfacing deposition tech-
nology and  further develops
high-efficiency parts of FV520B stainless steel.

high-quality  and

1 Experiment

The substrate FV520B stainless steel material is manufac-
tured by Beiman Special Steel Company Limited, with the
size of 120 mmx65 mmx6 mm. The remanufacturing and
forming material corresponds to the special solid core weld-
ing wire of FV520B stainless steel characterized by a diame-
ter of 1.2 mm. The chemical composition of the solid core
wire and substrate is shown in Table 1. The protective gas
used for the experiment is a mixed gas containing 98% Ar
and 2% O,. The room temperature is 20 °C. Meanwhile, the
vibration system is a HK-93 microcomputer vibrating stress
relief device made by Hua Yun Mechanical & Electric Sci-
ence and Technology Company Limited. The size of the vi-
bration platform is 2000 mmx500 mmx20 mm, and the ma-
terial is 45 steel.

Before starting the experiment, the remanufacturing sub-
strate and vibration machine were separately fastened on
positions which were relatively close to the middle of the
platform. During the experiment, the process parameters are
as follows: a wire feed speed of 8.8 m/min, a surfacing
speed of 21 mm/s, a welding torch space of 13 mm, an arc
length correction of 30% and a gas flow of 21 L/h. The path
pattern in a specific layer was a Chinese character “%”
shaped path and the path pattern between the layers was
mutually orthogonal, referred to the Ref.[21]. The remanu-
facturing size was 100 mm % 65 mm x 100 mm. When
loading a vibration to implement the experiment, the vi-

bration speeds were f=1500, 3000, 5000, 8000 r/min.
Among these, the vibration speed of /~5000 r/min corre-
sponded to the resonance speed between the vibration ma-
chine and the platform which was measured in the previous
experiments. After the experiment, the remanufacturing
microstructure of FV520B stainless steel by MAG surfacing
deposition technology under different conditions was ob-
served and analyzed by instruments such as optical micro-
scope (OM, model number: OLYMPUS-DP12), scanning
electron microscope (SEM, model number: Quanta 200),
transmission electron microscope (TEM, model number:
JEOL-2100), energy disperse spectroscopy (EDS, model
number: X-Max80) and X-ray diffractometer (XRD, model
number: D8 Advance). Afterwards, the effect of vibration
on remanufacturing microstructure of FV520B stainless
steel by MAG surfacing deposition technology was studied.

The etching solution composition of the metallographic
specimen was a mixed solution of 5 mL hydrochloric acid
and 1 g picric acid, as well as 100 mL ethyl alcohol. The
etching time was 20~30 s (at room temperature). In addition,
the transmission electron microscope (TEM) specimen was
prepared using the ion-thinning method.

2 Results and Discussion

2.1 Remanufacturing microstructure

Fig.1 shows the remanufacturing metallographic micro-
structure image of FV520B stainless steel by MAG surfac-
ing deposition technology. It can be deduced from the
analysis that the remanufacturing microstructure is com-
prised of lath martensite and carbide precipitated at grain
boundaries and inside the grains. Fig.2 displays the XRD
analysis of the remanufacturing layer of FV520B stainless
steel by MAG surfacing deposition technology. It can be
seen from the figure that the XRD diffraction peak is a
complete martensitic diffraction peak. This illustrates that
the matrix microstructure of the remanufacturing layer is
mainly the martensite.

Fig.3 illustrates the TEM micrograph of the remanufac-
turing microstructure. It can be seen from the images that
the martensitic lath bundles are clearly visible and orderly
arrayed. This leads to the conclusion that the crystal growth
direction of the remanufacturing layer has a relatively ap-
parent preferred orientation. Meanwhile, it can also be seen
from the images that the dislocation density in the marten-
sitic lath is high and that the phenomenon of dislocation
tangle is apparent.

Fig.3b corresponds to the partially segregated precipita-
tion image of the precipitated hardening phase in the re-
manufacturing layer. The results of the energy spectrum
show that the Nb element in the precipitated phase is highly
enriched, which indicates that the enriched and precipitated
hardening phase is NbC. The segregation of the carbide re-
inforcement phase has harmful effects on the precipitation
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Table 1 Chemical composition of remanufacturing wire and FV520B stainless steel (wt%)

Element C Mn Si S P Cr Ni Cu Mo Nb Fe
Base metal 0.062 0.67 0.44 0.005 0.026 13.37 5.33 1.46 1.44 0.29 Bal.
Wire 0.033 0.55 0.35 0.011 0.017 14.2 6.42 - 1.17 0.33 Bal.
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Fig.1 Remanufacturing microstructures of different regions of FV520B stainless steel using MAG surfacing deposition technology:

(a) microstructure variation along the forming height direction, (b) co-genetic columnar crystals of interface in zone A, (c) fine

grained region between layers in zone B, and (d) columnar crystals of the surface layer in zone C

strengthening effect of dispersed precipitation on the sub-
strate.

It can also be seen from Fig. 1a that in the metallographic
microstructure along the forming height direction, a feature
of layered periodical variation obviously appears. It can
generally be classified into the interlayer bonding zone (in-
cluding the bonding zone between the forming layer and the
substrate), interior zone of the forming layer and the surface
zone. The microstructures of different zones are clearly
different. The microstructure in the bonding zone between
the forming layer and the substrate can be characterized by
obvious columnar crystals which are developed perpen-
dicular to the tangential direction of the bonding interface
contour (the microstructure of zone A in Fig. 1a). The grains
are fine. The growth direction of the grains in the interior of
the forming layer is disordered and the martensite lath is
relatively large. This corresponds to the microstructure of
zone B in Fig. la. The columnar crystals in the surface zone
of the forming layer (the microstructure of zone C in Fig. 1a)
are relatively obvious as well. However they are not as reg-
ular as zone A and the grains are larger.

Furthermore, the remanufacturing is completed layer by
layer and the forming process of each layer is similar. Even
the microstructure of each layer is similar. Consequently, it
can be said that the remanufacturing microstructure of
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Fig.2 X-ray diffraction pattern of remanufacturing layer

FV520B stainless steel by MAG surfacing deposition tech-
nology has the self-similar characteristic to a certain extent.
Adopting the digital image method, the fractal dimensions
of Fig.1b and lc are calculated as 2.5347 and 2.561, re-
spectively. According to the research results of Ref.[22, 23],
the larger the fractal dimension, the more complex the sur-
face microstructure of the research object. It coincides with
the fact that the array of the microstructure in the central
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zone of the forming layer exists in a disordered manner and
is unsystematic without any apparent regularity. Therefore,
it can be said that the remanufacturing microstructure of
FV520B stainless steel by MAG surfacing deposition tech-
nology corresponds to a fractal body within a certain range.

2.2 Effect of vibration on remanufacturing micro-

structure

2.2.1 Effect of vibration on remanufacturing microstructure

Fig.4 corresponds to a partial TEM image of the forming
layer at /=8000 r/min. It can be clearly seen from the image
that we have developed a fragment of martensite laths. This
indicates that the incorporation of vibration leads to a bro-
ken effect on the remanufacturing martensite laths.

Fig.5 illustrates the TEM images of the remanufacturing
interior zones (zone A shown in Fig.1) under the conditions
of four different vibration speeds. Through the application
of the measuring calculation, when the rotation speeds are
f=1500, 3000, 5000 and 8000 r/min, the widths of marten-
site laths are 0.26, 0.21, 0.26 and 0.48 pm, respectively.
Compared with Fig.3a (the width of martensite lath is about
0.27 um), it can be seen that after a vibration is added in the
remanufacturing process, the widths of the martensite laths
narrow at first and then widen with the increase of vibration
speed. The refining effect of vibration is the strongest at the
sub-resonance rotation speed of /~3000 r/min with conse-
quences on the width of martensite lath.

In addition, when the vibration rotation speed f=8000
r/min is used, observations of the remanufacturing micro-
structure show that there is a twinning, as shown in Fig.6. It
shows that the generation probability of twin crystals may
be increased after the addition of vibration.

Fig.3 TEM images of remanufacturing layer: (a) martensite lath

and (b) precipitated hardening phase

Fig.4 TEM image of lath martensite fragments

05 pm

Fig.5 TEM images of lath martensite under different vibration speeds: (a) /~1500r/min, (b) /~3000 r/min, (c) /=5000r/min, and (d) /~8000 r/min
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Fig.6 Twin crystals in the remanufacturing layer under the con-

dition of vibration

2.2.2 Effect of vibration on the crystal lattice

Fig.7 shows the results of the XRD diffraction measure-
ments of the remanufacturing layer of FV520B stainless
steel by MAG surfacing deposition technology under the
conditions of different vibration speeds. Compared with
Fig.2, it can be clearly seen that the intensity and width of
the diffraction peak of the remanufacturing layer change
significantly after a vibration is applied. Furthermore, con-
trastive analyses are carried out on the Bragg diffraction
peaks and the FWHMs of crystal planes (110) and (211)
under the conditions of different vibration rotation speeds.
The comparison results of diffraction peaks are shown in

Fig. 8, and the FWHMSs of crystal planes are shown in Ta-
ble 2, where /=0 means that no vibration is applied during
the remanufacturing process. It can be seen from Fig.8 that
the diffraction peak positions of crystal planes (110) and
(211) have roughly the same variation trends when applying
mechanical vibration. When /<3000 r/min, the diffraction
peak position of the crystal plane shifts to the direction of
the low diffraction angle, and the offset increases with the
increase of the vibration rotation speed. When f/~3000 r/min,
the offset is the maximum. After that, the offset decreases
with the continuous increase of the vibration rotation speed.
When the vibration speed increases to /~8000 r/min, the
diffraction peak position is hardly offset, in comparison
with the non-vibration state.

The data in Table 2 show that the addition of vibration
reduces the FWHMs of the diffraction peaks, namely which
are narrowed, of crystal planes (110) and (211) to different
extents. For crystal plane (110), when the vibration speed
/<3000 r/min, the FWHM of the diffraction peak performs a
monotonic decreasing trend with the constant increase of
the vibration speed, and reaches the minimum value when
/=3000 r/min. However, with a further increase of the vi-
bration speed, the FWHM of the diffraction peak increases
slowly. This is highly consistent with the effect law of vi-
bration on its diffraction peak position. In contrast, when
the vibration speed f is within the interval of 0 r/min to
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Fig.7 XRD patterns of remanufacturing formation layers under different vibration speed conditions: (a) /~1500r/min, (b) /~3000r/min,

(¢) /5000 r/min, and (d) /8000 r/min
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Fig.8 Effects of vibration speed on Bragg scattering peak of lattice plane (110) (a) and lattice plane (211) (b)

Table 2 FWHM of Bragg diffraction peak of each crystal plane under the conditions of different vibration speeds

(hkl) /=0 r/min /=1500 r/min /=3000 r/min /=5000 r/min /=8000 r/min
(110) 0.379° 0.322° 0.282° 0.286° 0.330°
(200) 0.605° 0.726° 0.480° 0.593° 0.262°

5000 r/min, the performance of crystal plane (211) in the
diffraction peak FWHM is the same as that of crystal plane
(110). However, when f>5000 r/min, the FWHM of the
diffraction peak quickly gets reduced, even lower than at
/=3000 r/min. This indicates that the effects of vibration on
the different crystal planes are also different.

According to the X-ray diffraction theory, the linear
variation of the Bragg diffraction peak is the combined re-
sult of the polycrystalline grain size variation, the lattice
distortion variation and the widening of the instrument®*.
Since the widening of the instrument has the same effect on
different specimens, it can therefore be dismissed. In this
case, the linear narrowing of the diffraction peak is mainly
caused by the variations of grain size and lattice distortion.
Both the grain refinement and lattice distortion increase
will cause a FWHM widening of the diffraction peak. The
researches of Ref.[25-27] show that the vibration has an
effect on grain refinement. This indicates that the addition
of mechanical vibration can relieve the lattice distortion
during the process of crystal formation. Also it implies that
the vibration can relieve and even eliminate the stress in
material. This is consistent with the numerous research
conclusions that have been derived about vibration aging.
Meanwhile, the linear narrowing effects of the Bragg dif-
fraction peak caused by the vibrations with different rota-
tion speeds are different. It shows that the vibrations of
different rotation speeds have different effects on eliminat-
ing the lattice distortion.

2.2.3 Effect of vibration on crystal orientation

The diffraction peak intensity reflects the crystallo-
graphic orientation of materials. By comparing Fig.7 with
Fig. 2, it can be obviously seen that the diffraction peak in-

tensity of crystal plane (110) has a certain variation after a
mechanical vibration is applied during the remanufacturing
process. Even it illustrates that the remanufacturing crys-
tallographic orientation of FV520B stainless steel using
MAG surfacing deposition technology has changed corre-
spondingly.

The highest intensity value of the diffraction peak is re-
corded as 100 unit intensity. The normalization processing
of other diffraction peak intensities is carried out accord-
ingly. The obtained values are recorded as 7, and compared
with the diffraction intensity /, which is calibrated by the
standard ASTM card. According to Eq.(1) ®** a pre-
ferred orientation factor (TC) is calculated and the effect of
vibration on the crystallographic orientation of the re-
manufacturing layer is studied. The calculated results are
shown in Table 3.

(I(hkl)j/I(hkl)}j,0) (1)
a /n)Z" (I(hkl)ilI(hkl)i,0)

i=1

TC =

(hkl)j

where [ and [ are the experimental value and card value of
(hkl) crystal plane’s diffraction intensity, respectively, and
n is the quantity of diffraction peaks studied in the experi-
ment.

Comparing the data in Table 3, we can see that the ap-
plication of vibration during the remanufacturing process
changes the preferred orientation (TC) of each crystal plane,
and the change laws of different crystal planes are different.
Whether the vibration is imposed or not, the preferred ori-
entation factor of crystal plane (110) is the maximum one
among the four crystal planes, and is much larger than that
of other crystal planes. It shows that crystal growth takes
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place along a very strong preferred orientation during the
remanufacturing process of FV520B stainless steel using
MAG surfacing deposition technology, and the orientation
of crystal plane (110) is the primary growth direction of
crystals. After a vibration is imposed, the preferred orienta-
tion factor of crystal plane (110) increases first and then
decreases with the constant increase of the vibration speed,
but is always larger than the preferred orientation factor
under the condition of no vibration applying. This indicates
that the preferred orientation of crystal plane (110) in-
creases first and then weakens with the constant increase of
the vibration speed. And the application of vibration ag-
gravates the growth behavior of crystal’s preferred orienta-
tion during the remanufacturing process. When f=3000
r/min, the preferred orientation factor of crystal plane (110)
is the maximum, which indicates that it has the greatest ef-
fect on the growth behavior of the crystal’s preferred ori-
entation.

The preferred orientation factor of crystal plane (220)
decreases first and then increases with the constant in-
crease of the vibration speed. When f=3000 r/min, the

minimum value of 0.548 is recorded. At the vibration
speed of /=8000 r/min, it is 1.083, which is larger than the
value of 0.994 obtained under the condition of no vibra-
tion applying. This indicates that an imposed vibration
with the rotation speed less than 8000 r/min weakens the
preferred orientation of crystal plane (220). After a vibra-
tion is applied during the remanufacturing process, the
preferred orientation factor values of crystal plane (211)
are all larger than that obtained without any imposed vi-
bration, and appear as a monotonous increasing trend.
This indicates that the vibration increases the preferred
orientation of this crystal plane during the remanufactur-
ing process. Moreover, the higher the vibration speed, the
stronger the preferred orientation. In contrast, the pre-
ferred orientation factor of crystal plane (200) generally
exhibits a constant decreasing trend with the implementa-
tion of vibration. This suggests that its preferred orienta-
tion generally appears as a continuous decreasing trend
with the constant increase of the vibration speed. The de-
creasing trend rises again only under the condition of
resonance and drastically weakens soon after that.

Table 3 Crystal preferred orientation (TC) of the surface layer in the remanufacturing cross section of FV520B stainless steel us-

ing MAG surfacing deposition technology under the conditions of different vibration speeds

f/rmin™ (hkl) In A TC
(110) 100 100 1.479
(200) 11.194 20 0.828
0
(211) 14.179 30 0.699
(220) 6.716 10 0.994
(110) 100 100 1.854
(200) 6.921 20 0.642
1500
11) 11.456 30 0.708
(220) 4.296 10 0.796
(110) 100 100 2.248
(200) 4213 20 0.473
3000
11) 9.756 30 0.731
(220) 2.439 10 0.548
(110) 100 100 1.683
(200) 8.108 20 0.682
5000
211 15.616 30 0.876
(220) 4.505 10 0.758
(110) 100 100 1.6
(200) 5.578 20 0.446
8000
(211) 16.335 30 0.871
(220) 6.773 10 1.083
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2.3 Discussions

The solidification forming of surfacing material during
the remanufacturing of FV520B stainless steel by MAG
surfacing deposition technology is a rapid cooling
non-equilibrium crystallization process. As a result, the
martensite supersaturated solid solution microstructure is
formed. Furthermore, a large number of dislocation defects
lath produced from the

non-equilibrium crystallization.

exist in the martensite

Meanwhile, since the
cooling rate is too fast in the non-equilibrium crystalliza-
tion process, the diffusion of precipitated solid-state atoms
will be inhomogeneous and anon-equilibrium crystalliza-
tion segregation will be caused, as shown in Fig.3b.

From the point of view of the fractal theory, the shaping
process of the remanufacturing of FV520B stainless steel
using MAG
“point-line-plane-body” developing process: the weld bead

surfacing deposition technology is a
is formed with deposition molten drops, and each forming
layer is built with weld beads arranged in accordance with
certain rule. The forming layers stack one by one to com-
plete the remanufacturing process at last. In addition, all the
molten drops, weld beads and forming layers are
self-similar. So it can be said that the remanufacturing
process of FV520B stainless steel using MAG surfacing
deposition technology has the characteristics of self-similar
and periodic change. Therefore, the remanufacturing mi-
crostructure has the self-similar and periodic change char-
acteristics that correspond to a fractal body within a certain
scale range.

Furthermore, during the remanufacturing process, the
heat dissipation in different zones is different, which in-
duces the different crystallization behaviors in different
zones. As a result, the microstructures in different zones are
not the same. When the solidification of the molten pool in
the first layer is started under the strong cooling effect of
the substrate metal, an epitaxial solidification behavior oc-
curs when the metal in the molten pool is solidified. The
growth direction of grains is opposite to the thermal flow
direction. Thus, the microstructure of the columnar crystal
is formed perpendicular to the tangential direction of the
molten pool contour. Furthermore, since remanufacturing
has just started, the accumulation of thermal input is minor.
Namely, the heat of the molten pool can be dissipated via
the cold substrate, so the crystal grains are fine. In the inte-
rior of the molten pool, namely the central zone of the
forming layer, the array of the martensite lath is disordered
and unsystematic, without any obvious regularity, since the
thermal dissipation is relatively slow and the thermal dissi-
pation conditions along every direction are similar. Fur-
thermore, the growing probabilities of grains along each
direction after the nucleation are equal. In addition, the
neighboring forming layer will have an effect of heat
treatment on the adjacent formed layer. Influenced by this,

a re-dissolving dispersive precipitation of the carbide rein-
forcement phase may occur. Therefore, its uniformity is
relatively good even though the array of its microstructure
is disordered.

In the
above-mentioned solidification and crystallization behav-

constant process of remanufacturing, the
iors are constantly recurring. However, the accumulation of
thermal input continuously increases so that the micro-
structure of the corresponding location in the follow-up
forming layer is relatively coarser. During the formation of
the last layer, although a slower thermal dissipation is
caused due to the accumulation of thermal input, the ther-
mal flow directionality in its surface layer is relatively ob-
vious. Some grains growing along the thermal-flow-reverse
direction will slowly swallow up the grains growing along
other directions and form a microstructure of columnar
crystals which are relatively coarse. Thus the array of the
grains is also relatively regular.

The effects of mechanical vibration on the remanufac-
turing layer are all achieved via the influence on molten
pools, since the welding-seam molten pool is the most fun-
damental forming unit of the remanufacturing layer. The
research of Ref. [30] pointed out that the macro effect of
mechanical vibration on molten pools is implemented
through the following two aspects: the first one is that the
liquid metal also implements a forced vibration through the
interaction between the walls of the molten pool and the
metal in the molten pool when the welding piece is sub-
jected to a forced vibration. The second one is that the arc-
ing pressure varies since the length of the welding arc var-
ies due to the vibration of the welding piece. It is equivalent
to a periodic exciting force being exerted on the liquid
metal surface of the molten pool and disturbing the liquid
metal. From the point of view of the solidification theory,
the effect of vibration on the remanufacturing microstruc-
ture fundamentally influences the nucleation and growth
behavior of crystals during the metal solidification.

During the process of metal solidification, with the de-
crease of temperature, embryo crystallisties begin to form
firstly. However, only the embryo crystallisties with a size
equal to or bigger than the critical crystal nucleus radius
can exist in a stable manner and spontaneously develop and
become crystal grains at last. The critical crystal nucleus
radius 7, can be figured out according to the following
equation:

20T,

;- @)
L AT

where o is the surface energy per unit area, Tp,is the theo-
retical crystallization temperature, L, is the latent heat of
fusion, and AT is the undercooling degree. It can be seen
from Eq.(2) that the critical crystal nucleus radius 7;is in-
versely proportional to the undercooling degree AT, namely,
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the greater the value of undercooling degree AT, the smaller
the critical crystal nucleus radius. The Ref.[31] shows that
during the process of metal solidification, the Reynolds
number of liquid metal will be gradually increased due to
the implementation of vibration and the increase of the vi-
brational frequency. The larger the Reynolds number, the
higher the flow turbulence extent of the liquid metal and the
higher the heat transfer efficiency. This means that the un-
dercooling degree of the whole molten pool is enlarged so
that the nucleation rate is increased. In this experiment, a
larger vibration speed means a higher vibrational frequency,
and the undercooling degree of the molten pool under the
corresponding conditions is larger so that the nucleation
rate is relatively higher.

Meanwhile, a mechanical vibration will cause the ampli-
tude of the liquid metal’s energy fluctuation to change and
to enlarge. The periodic number of energy fluctuation per
unit length is also increased **!. After the stable nucleation
occurred, the vibration can increase the periodic number of
energy fluctuation per unit length. Consequently the at-
tachment and escape time of atoms on the crystal surface
will increase. However, since the crystal nucleus is in a
stable and growing stage, the grain grows gradually. This is
because, generally, the attachment time of atoms is greater
than escape time of atoms. In general, the higher the nu-
cleation rate, the smaller the growth rate and the finer the
grains®* **!. Thus, the effect of refining grains can be ob-
tained by imposing the vibration with a certain rotation
speed in the remanufacturing process of FV520B stainless
steel by MAG surfacing deposition technology, so that the
width of martensite lath can be narrowed. However, the re-
search of Ref.[34] points out that the vibration will also
correspondingly increase the kinetic energy of atoms and
each nucleation particle and finally causes a certain heat
effect. The higher the vibrational frequency, the more sig-
nificant the generated heat effect. When the heat effect
reaches a certain level, the growing time of the grains will
be delayed and the grains will be coarsened. Therefore, the
width of martensite lath in the remanufacturing layer has a
widening trend in the end.

The research displayed in Ref.[35-37] points out that
during the process of metal solidification, a liquid phase
flow can have a flushing effect and a mechanical breaking
action on the grains and thus causes the crystal grains to
break. The application of mechanical vibration can have a
stirring action on the molten metal and speed up the flow of
molten metal. The higher the vibrational frequency, the
stronger this kind of stirring and broken function. This is
the main reason why the fragments of martensite laths ap-
peared in the remanufacturing TEM images shown in Fig.4.
Meanwhile, due to the addition of vibration, the heat flow
during the solidification process of molten pool is more
turbulent and the crystallization behavior is more complex,

and then the probability of obtaining twinning formation is
increased, as shown in Fig.6.

As mentioned above, the solidification forming of sur-
facing material during the remanufacturing of FV520B
stainless steel by MAG surfacing deposition technology is
a rapid cooling non-equilibrium crystallization process.
Therefore, the lattice distortion is caused by a large num-
ber of defects, such as vacancies, dislocations and foreign
atoms. After applying a vibration, from the microscopic
view, certain kinetic energies are imposed to each crystal
lattice. Once the sum of imposed energy values and the
microstructure original energy value are enough to over-
come the surrounding well potential of the microstructure
(the binding force for equilibrium restoration), plastic de-
formation will occur within the micro-zone, so that the
distorted crystal lattices can slowly recover and reach the
equilibrium state. Thus, a mechanical vibration can elim-
inate the lattice distortion to some extent, and reduces the
angle of Bragg diffraction peak position in the re-
manufacturing layer, and then the FWHM become nar-
rower. The kinetic energy obtained by each crystal lattice
will be different when the vibration speeds are different.
Thus, under the conditions of different vibration speeds,
the angle offsets of the Bragg diffraction peak position
and the narrowing extent of FWHM in the remanufactur-
ing layer are different.

The higher the vibration speed, the larger the kinetic en-
ergy that can be obtained by each crystal lattice. However,
the over-high energy may generate an excessive plastic de-
formation, which will cause a new lattice distortion during
the original lattice distortion elimination. Therefore, after
the vibration reaches a certain rotation speed of f >3000
r/min, a rebound phenomenon of the angle offset of Bragg
diffraction peak position and the FWHM narrowing appear
with the constant increase of the vibration speed. Previous
research® points out that when the vibration method is
adopted to relieve the stress of a workpiece, the vibrational
frequency is normally selected in front of the resonance
peak, namely, the sub-resonance region of the workpiece
(the vibrational frequency is 1/3~2/3 of the resonance fre-
quency) achieves the optimum effect, which has a good
consistency with the most significant effect of vibration on
the remanufacturing microstructure when the rotation speed
reaches /~3000 r/min.

In addition, during the solidification forming process of
remanufacturing deposition material, the dislocation density
and tangle extent within each crystal plane are different.
Thus, after a vibration is imposed and when the lattice dis-
tortion is restored, the resistance of the lattice array to the
dislocation movement of each crystal plane is different, so
that the narrowing extent of the Bragg diffraction peak in
each crystal plane is also different at the same vibration
speed.
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The preferred orientation of the crystal plane is formed
by the grain rotation under the function of applied stress.
When the state of applied stress is different, the rotating
mode of grains will be different so that the generated pre-
ferred orientation will be changed as well. This kind of
preferred orientation results in different levels of anisot-
ropies in the materials, and the strengths along different di-

B9 Since the direction of mechanical

rections are variable
vibration is definite, the orientation of the impact force on
the remanufacturing layer is also determined. However, the
growth orientation of each crystal grain is different, and the
dislocation density and tangle extent within each crystal
plane are different as well. Furthermore, the preferred ori-
entation variation of each crystal plane is variable at the
same vibration speed. In general, the application of vibra-
tion can enhance the preferred orientation of crystals during

the growing process.
3 Conclusions

1) Due to the remanufacturing characteristics of surfac-
ing deposition technology, the remanufacturing micro-
structure of FV520B stainless steel using MAG surfacing
deposition technology corresponds to a rapid cooling
non-equilibrium crystallization, which is lath marten-
site+carbide precipitation hardening phases of NbC, Mo,C,
M;C; and M;Cy. The microstructure appears as a periodical
variation rule and has a certain self-similar fractal charac-
teristic.

2) The disturbance effect of vibration to the molten pool
and its kinetic energy can improve the nucleation rate of the
welding pool to a certain degree, narrow the width of mar-
tensite lath and have a broken effect on the martensite lath.
However, with the continuous increase of the vibration
speed, the width of martensite lath decreases first and then
increases. Meanwhile, the incorporation of vibration can
complicate the crystallization behavior in the welding pool
and increase the probability of twin formation.

3) The kinetic energy produced by the vibration can
change the extent of lattice distortion and has an effect on
the preferred orientation of each crystal plane. With the
continuous increase of the vibration speed, the extent of the
lattice distortion first weakens and then increases. The pre-
ferred orientation of crystal plane (110) is first enhanced
and then weakens with the continuous increase of the vi-
bration speed. During the remanufacturing process, the ad-
dition of vibration in the sub-resonance region has an op-
timum effect on eliminating the lattice distortion, enhancing
the preferred orientation of crystal plane (110) and refining
the crystal grains.
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PRzh 3T FV520B A 540 MAG HEKE 5 i 3& AR FiZ 4R 40 25 4 RO 82 i

*gl] @ly 5'% ﬂéz’ %H‘L—;la gK %Zl’ iIJ %1’ % ;ly i\ikﬁml
(1. e Fe TR Z BT ML o P DG B K TR ST, dER 100072)
(2. W TSR ke HHER AR E PR E AR =, b 100072)

W OB RS BOSOEBORBEAT T FV520BULVE AL AN AN F i 2 56, 7RObBefll B, XTFVS20BAN G MM A A PE A fR 3
IR (metal active gas arc welding, MAG)HEIE -l 1 BB 412300 s 3EAT T 201, FEWEI0 T AU B 0] B 0 B 41 2R s . 45 3
278 FV520BANEANMAGHE AR 1 161 & p 7% 41 44l 0 IR+ B AL B UC Ve RE AL AR ALk, FLYY OT% v B O 1r) 2 200 52 A P AR AR RS i, R
A BRI R RBh o — s R B3 R BB BRSO 1 IR 4 A AR T, HL 5 IR 4% 3 52 it i 20y e 34 1)
UNREPNE S o RN ER YT SRR R A PR e e i R T Y W T 18 e S P (B N Y T X K & o N e )
AL (110) &AL (211) & 1 K Bragg fiT S Ve e (o7 [ AR AT S0 A 07 1) S A ¥, ELBE HR ) B gt i AN 19 K, I B 2 22 S 4 5 Uk
ANEaF (110D T 5 0 2 15y B B S8 N JE Y O 38, R SO0 ) (TC) 140 S B SE 1Y 5 o gk 95k #s 7RO I i il X 1]
P (211) i AT ) U~ v 5 B 4 20 el ) AN T 8 K 2 el /IS IS 8 8 3, 3R 3 e O T FE R A I SR g e, (E L AR TR
W) (TC) LW BEYR3) 4% 1 i 38 X LB ge oty Sk b, WILRBIRIRS) (R34 E~3000 r/min) X FV520B A5 HHMAGHE
P P T3 W 2 2 B ) 1) 5 ) e Yk

KHEiA: FV520B JUIERELANVE: Adli: MAG HEMR: diksh: 4121454
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