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Abstract The centrifugal compressor impeller is widely used
in petroleum, chemicals, and other fields and is liable to failure
in complicated working environment. Laser cladding as an
advanced technology was used to remanufacture the failure
impeller. And, remanufacture quality and service safety
should be considered. In this paper, simulation and experi-
ments were applied to study the remanufacturing process of
failure thin-wall impeller blade. Firstly, a sequentially
uncoupled 3D thermo-mechanical finite element (FE) model
was developed to calculate temperature distribution and con-
duct mechanical analysis. Secondly, the impeller blade of re-
pair region quality was studied based on microstructure anal-
ysis, microhardness, and tensile property tests. Finally,
dynamic-balancing experiment, over-speed test, and dye pen-
etration inspection were used to assess the security of
remanufactured impeller. Numerical simulation showed that
high temperature (about 1521 °C) and high residual stress
(about 300 MPa) were distributed surrounding heat-affected
zone (HAZ). And, experiments showed that the deformation
of remanufactured impeller was 1.5 mm without no pores,
cracks, slag inclusion, and other defects occurred in the
remanufactured region.
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1 Introduction

The centrifugal compressor impeller is widely used in petro-
leum, chemicals, military, and other important fields [1]. The
impeller, the key component of turbo machines, often has
failure due to complicated working environment (centrifugal
force, unstable gas flow, etc.) [2, 3]. Failure impellers and
blades not only cause significant economic losses to enter-
prises and society but also threaten people’s lives [4]. With
the development of technology, laser cladding technology is
used extensively in the process of remanufacturing failure
parts [5], which makes the remanufacture of failure impeller
possible. As the remanufacture impeller has a very high de-
mand for remanufacturing quality and safety, the laser clad-
ding process and remanufacture quality should be studied.

Laser cladding technology is a surface modification tech-
nology, which can repair damaged parts. By adding cladding
material onto the substrate surface and using high-energy den-
sity laser beam, the metallurgical bonding between the powder
and thin layer on substrate surface was obtained. Laser clad-
ding can significantly improve wear resistance, corrosion re-
sistance, heat resistance, and other properties on the substrate
surface with a little cost. In recent years, many studies and
researches focus on the remanufacturing of failure compo-
nents. In order to reduce the cracks generating in the cast iron
cyl inder heads, Dong et al . [6] invest igated the
remanufacturing technique of cylinder heads with laser clad-
ding. And, no cracks existed in the interior or surface of build-
up cladding according to the test. Hu et al. [7] used laser
cladding technology to repair GH864 alloy rotating blades
of flue gas turbines, and the failure reasons were analyzed.
The formation of cracks in single crystal (SX) turbine blades
is a common problem for aero-engines. Rottwinkel et al. [8]
used multi-layer cladding to replace single crystal material to
repair the cracks of turbine blades. And, repair quality met the

* Cao Huajun
hjcao@cqu.edu.cn

1 The State Key Laboratory of Mechanical Transmission, Chongqing
University, Chongqing 400030, China

2 National Key Laboratory for Remanufacturing, Academy of
Armored Forces Engineering, Beijing 100072, China

Int J Adv Manuf Technol (2017) 90:1383–1392
DOI 10.1007/s00170-016-9445-z

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-016-9445-z&domain=pdf


turbine blades requirements. Process parameters are
crucial to the quality of laser cladding. Lin [9] employed
the Taguchi method to determine the optimal parameters
for tenon repair on a steam turbine blade using multi-layer
laser cladding. The results showed the repaired tenon met
minimum design standards with regard to tensile strength.
Jiang et al. [10] and Chew et al. [11] conducted simulation and
experiment research to residual stress produced in the
process of laser cladding restoration. The above researches
have promoted the development of laser cladding in
remanufacture field.

As the blade of centrifugal compressor impeller has a thin
wall, the thickness of a common impeller is 1∼6 mm, which
limits the optimization of laser cladding scanning-path [11]
during the impeller restoration and easily causes subsidence
and excessive fusion with inappropriate laser cladding param-
eters. Meanwhile, the complex surface blade inclined assem-
bly on the impeller shaft; traditional fixture is no longer suit-
able for impeller remanufacture [12]. The clamping system
should be improved. Impeller is a high-speed rotation part
and centrifugal force caused by high-speed rotation is even
up to 500 MPa [13]. In order to avoid safety accident, higher
requirements on strength and quality of remanufactured im-
peller were proposed than that of other remanufacturing com-
ponents. So, a kind of proper laser cladding powder with
remanufacturing process should also be studied. According
to the above researches and taking the above factors into con-
sideration, there are seldom studies and researches about the
remanufacturing on failure thin-wall impeller blade with com-
plex surface.

In this paper, for fracture failure impeller, the
remanufacturing of failure thin-wall impeller blade with

complex surface in laser cladding was studied. Firstly, based
on the requirements of laser cladding powders, FeCrNiCu alloy
powder with good mechanical and thermal properties was
adopted. Secondly, temperature distribution of laser cladding,
residual stress and strain, and deformation were analyzed in the
experiment and finite element simulation. Then, the impeller
blade of repair region quality was studied by the microstructure
analysis, microhardness, and tensile property test. Finally, the
remanufactured impeller safety was assessed by dynamic-
balancing experiment, over-speed test, and dye penetration
inspection.

2 Remanufacturing process with FeCrNiCu alloy
powder analysis

2.1 Laser cladding process

Laser cladding is an advanced surface modification tech-
nology which can repair damaged parts. By adding clad-
ding material onto substrate surface, wear resistance, cor-
rosion resistance, heat resistance, and other properties
can be improved. There are several factors affecting the
laser cladding quality, for instance, alloy powders, pa-
rameters, operational knowledge, and environment.
Among these factors, the laser cladding alloy powders
and process parameters are the most important. The pro-
cess parameters of laser cladding include laser power,
laser spot diameter, defocus parameters, powder-feed
rate, scanning speed, and preheating temperature. These
parameters have great influence with very complicated
process on dilution rate, crack, surface roughness, and
density of cladding parts. When selecting powder, sever-
al factors also should be considered. (1) The cladding
powder should have a good formability and a good
wettability with the substrate. (2) The mechanical prop-
erties and physical properties of powder are similar to
the substrate, which can satisfy the work condition of
the impeller. (3) The chemical composition and thermal
physical properties of powder are similar to that of the
substrate.

In this paper, the parameters of laser cladding and
alloy powder were obtained after multiple sets of exper-
iments. The parameters and alloy powder have reference
values to the remanufacturing of impeller and other
components.

Fig. 1 Failure open impeller

Table 1 Mechanical properties
of FV520B Yield stress

(MPa)
Tensile strength
(MPa)

Young’s modulus
(GPa)

Density
(kg/m3)

Vickers hardness
(HV)

Poisson’s
ratio

1029 1170 210 7860 380 0.3
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2.2 Experimental process with FeCrNiCu alloy powder

Due to the centrifugal compressor has very complicated working
conditions, corrosion, wear, and other failure modes are happened.
In this paper, the failure impeller with somematerials lost in blades
was studied, as shown in Fig. 1. The failure open impeller has 18
blades including 9 long blades and 9 short blades, and the diameter
is 240 mm. The rated speed is 28,696 r/min. The material is
FV520B precipitation-hardening martensitic stainless steel [14].
Due to its high strength, good ductility, great corrosion resistance,
and excellent welding performance, FV520B has been widely
used in impeller manufacturing. The mechanical properties and
chemical composition are shown in Tables 1 and 2 [15]. In this
paper, FeCrNiCu alloy powder was adopted to remanufacture the
impeller and the chemical composition is shown in Table 2.

A fiber laser with a power 4 kW, which can realize the
coaxial powder-feed, was used. The particle size of the pow-
der was −140∼+320 mesh. Laser power was set at 1.1 kW,
laser scanning speed was 5 mm/s, powder-feed rate was 8.0 g/
min, laser spot diameter was 3mm and carrier flowwas 150 L/
h. The nitrogen (N2) was used to protect the laser cladding
pool during the laser cladding and a six-axis robot was used to
control the laser cladding path as shown in Fig. 2. In order to
improve the remanufactured impeller quality, an experiment
with same parameters was carried out on thin plate (FV520B)
to test the remanufacturing quality. After finishing the laser
cladding, the specimens were polished with standard metallo-
graphic procedures. Then, the corresponding metallurgical
microstructure at specimens’ cross section was checked by
optical microscopy. The microhardness of cladding coatings
was obtained by microhardness tester.

3 Thermo-mechanical FE modeling

A sequentially uncoupled 3D thermo-mechanical FE
model was developed to calculate the temperature
distribution first, and then, the thermal results were ap-
plied to the mechanical analysis [18]. And, the residual
stress was obtained by ANSYS software. All the
computational procedures can be summarized in a flow
chart in Fig. 3.

3.1 Temperature field analysis in laser cladding

Understanding the temperature field in laser cladding process
could be of great importance to the study outcomes of cladding
process including thermally induced cracking and stress, and
phase transformation occurred in heat-affected zone (HAZ). In
thermal analysis, the laser cladding process was simulated by
applying heat flux to the elements. In finite element method
(FEM), the element “birth and death” technology was used.
Initially, all the repair region’s elements were removed and killed.
Once the laser cladding started, the “death elements” were acti-
vated segment by segment, and heated elements cooled down
until the next cycle. The temperature history files of nodes were
stored for the next residual stress calculation. The material
properties relevant to thermal analysis are density, specific
heat capacity, latent heat capacity, and solidus/liquidus

Table 2 Chemical composition of FeCrNiCu and FV520B (wt.%)

Cr Ni Cu C Si Mn Nb Fe

FV520B 13.0–14.5 5.0–6.0 1.3–1.8 ≤0.07 ≤0.07 ≤1.00 0.25–0.45 Bal.

FeCrNiCu 14.05–15.10 4.21–4.53 4.41∼4.45 0.07∼0.12 1.20∼1.51 0.60∼0.72 0.12–0.22 Bal.

Robotic armLaser head

Laser Power 
Control System

Fig. 2 Robot control system

START

Define element type(solid70) and 
material properties

Apply thermal boundary conditions 
and heat souce

Create the FE model based on the 3D 
remanufactured impeller blade

Kill all the elements located at the 
repair zone

Birth the elements based on Eq.(1~2) 
and heated by heat source

Nodal temperature distribution analysis

Are the results 
satisfactory?

Adjust the meshing size and boundary 
condition

Switch thermal element to structural 
element (solid187)

Define mechanical boundary condition 
and load temperature data step by step

Calculate thermally induced stress, 
strain and plastic deformation 

Experimental validation for stress state

END

Are the results 
satisfactory?

YES

NO

YES

NO

Fig. 3 Laser cladding numerical procedure flowchart
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temperatures. Temperature-dependent material properties
are given in Table. 3 based on the experiment test.

In thermal analysis, the reasonable heat source model can
improve simulation precision. In this paper, a Gauss distribu-
tion heat sourcemodel which suits for thin-wall impeller blade
was chose. The governing equations are shown in Eqs. (1) and
(2) [16]. The diagrammatic drawing is shown in Fig. 4a, and
FE model of heat source simulated by ANSYS is shown in
Fig. 4b.

q r; zð Þ ¼ ηQe3

πzi e3−1ð Þ r2e þ reri þ r2i
� � exp −

3r2

r20

� �
ð1Þ

r0 zð Þ ¼ f zð Þ ¼ re−
z−zeð Þ
zi−ze

re−rið Þ ð2Þ

where q(r, z) is heat flux, η is average absorptivity of laser
cladding material, Q is heat input power, r is heating radius,
and z is heat source longitude.

3.2 Stress-strain relationship

During the laser cladding process, the elastic stress-strain re-
lationship of the material is assumed to obey isotropic
Hooke’s law. Total strain increment (Δε) can be decomposed
into five components, which are elastic (Δεeij ), plastic (Δεpij ),

thermal loading (Δεtij ), volumetric change, and transforma-

tion plasticity [17]. In order to reasonably reduce the difficulty
of convergence in nonlinear thermo-mechanical FE analysis, a
thermal-elastic-plastic model was used to study the ther-
mally induced stress evolution and final residual stress in
laser cladding process. Therefore, the strain increment can
be expressed as:

Δε ¼ Δεeij þΔεpij þΔεtij ð3Þ

The elastic and thermal strains can be expressed as:

Δεeij ¼
1þ v
E

σij−
v
E
σkkσij ð4Þ

Δεpij ¼ ασijΔT ð5Þ

Where v is Poisson’s ratio, E is Young’s modulus, αis ther-
mal expansion coefficient and T is temperature. σij is defined
in following form:

σij ¼ 1 for i ¼ j
0 for i≠ j

�
ð6Þ

In residual stress analysis, the temperature distribu-
tion obtained from thermal analysis was used to calcu-
late the residual stress. And the “birth and death” tech-
nology was also used in this section. The material
properties related to residual stress are elastic modulus,
yield stress, Poisson’s ratio, and linear expansive
coefficient.

3.3 Boundary and initial conditions

In order to solve energy balance equation, the initial boundary
conditions are:

T x; y; z; t ¼ 0ð Þ ¼ To

T x; y; z; t ¼ ∞ð Þ ¼ To
ð7Þ

The initial ambient temperature (T0) is set at 20 °C.
During the thermal analysis, the heated elements have

Table 3 Temperature-dependent thermal, physical, and mechanical properties of FeCrNiCu and FV520B

FeCrNiCu/FV520B 25 °C 300 °C 400 °C 600 °C 950 °C 1050 °C 1300 °C

Elastic modulus E/GPa 206/196 175/181 168/164 160/152 148/147 130/142 122/134

Yield strength σs/MPa 1076/1097 978/985 920/891 632/392 586/210 572/185 545/161

Thermal conductivity λ/(W/m K) 12.9/15.4 18.2/21.8 20.8/25.4 21.6/26.7 22.9/27.9 24.5/28.8 27.8/29.4

Specific heat °C/g k 0.44/0.44 0.56/0.60 0.60/0.62 0.76/0.66 0.79/0.62 0.79/0.60 0.80/0.61

Poisson ratio μ 0.32/0.31 0.34/0.37 0.36/0.42 0.38/0.39 0.42/0.48 0.45/0.52 0.47/0.46

linear expansive coefficient ∂/10−6 °C 12.5/11.2 13.2/11.8 13.6/12.5 14.8/13.7 15.3/14.8 15.7/15.5 15.9/16.9

Zi

z

O

re

ri

Q

(a) (b)

y

x

Fig. 4 Heat source model. a Diagram of heat source. b Finite element
model of heat source
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two main ways including thermal radiation and heat
convection to exchange heat to the surroundings. Thus
both convection and radiation should be taken into con-
sideration. During stress analysis, nodes of A, B, C, and
D at the end of the bottom showed in Fig. 6 were
constrained. In this way, rigid body motion could be
avoided.

3.4 Finite element model

According to numerical procedure, 3D-remanufactured impel-
ler model was built by software Pro/E (version 5.0) based on
3D surface reverse technology [19]. In order to reduce com-
puting amount, a single remanufactured impeller blade, in-
stead of the whole impeller, was applied to do the laser clad-
ding simulation. The geometrical model is shown in Fig. 5.

In meshing process, a non-uniform mesh was used to im-
prove simulation accuracy and reduce computational cost.
Figure 6 shows the FE model for laser cladding, and in total,
there are 6622 nodes and 4896 elements meshed. As the blade
thickness is 1.1∼1.5 mm, which is less than the laser diameter
3 mm, the blade can be directly deposited by a single layer as
shown in Fig. 6. Six cladding layers were deposited in total,
and the scan path was from left to right along the scaning
direction. In transient thermal analysis, thermal conduction
element solid70 was used. After completing the thermal anal-
ysis, the element type in mechanical analysis was solid187
with quadratic displacement behavior.

4 Remanufactured impeller performance analysis

The failure impeller was remanufactured successfully by laser
cladding. Figure 7 shows the remanufactured impeller; the
cladding is fine, uniform, and free of crack. In the next section,
forming mechanism, microstructure, and remanufactured im-
peller quality will be discussed in detail.

4.1 Thermal analysis of laser cladding

Figure 8 shows the laser cladding temperature distribution
with laser power of 1.1 kW, scanning speed of 5 mm/s,
and powder flow rate of 8.0 g/min. Figure 8a shows the
isothermal distribution of the temperature contour at 1.2 s.
In laser cladding remanufacturing process, the surface of
substrate (blade) was heated and melted by laser. At the
same time, FeCrNiCu alloy powder was also molten into
the substrate to make a cladding layer. The thermal gradi-
ent is very important for the mechanical properties of
cladding layer. In order to melt the surface of substrate
and powder, a large amount of heat was input to a limit
area at a very short time, especially in the melt zone.
Thus, the melt zone or the near area had very high tem-
perature and a very sharp thermal gradient. This large
amount of heat caused residual stress generation and in-
fluenced microstructure of cladding. Figure 8b–f shows
the key step (t = 0.3, 2.7, 6.6, 9.0, 11.7 s) temperature
distribution of laser cladding. The maximum temperature

Fig. 5 Geometrical model of
remanufactured impeller blade

1.1 mm
(a) (b) (c)

6

5

4

3

2

1

3A and B

C

D

Cladding layers

Fig. 6 Mesh model of the remanufactured impeller blade (a) Blade mesh (b) Laser cladding zone mesh (c) The third cladding layer mesh
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is in the center of laser spot, which can reach to 1521 °C.
Along the scanning direction, the molten pool moved for-
ward and continuously cooled. In front of the cladding
pool, the isotherms are intensive with high temperature
grade. Figure 8b shows temperature in step 1 at 0.3 s,
and the max temperature is 1240 °C. As there is no heat
accumulation in the first stage, the difference value of

temperature between the first step and other steps is about
240 °C. In order to improve the quality of remanufactured
impeller, the laser power should be increased to improve
the temperature of cladding pool in initial stage.

In laser cladding process, heats will increase continu-
ously during layer by layer forming, which will generate
a large thermal stress in the forming layer. The thermal
stress directly affected geometric precision of the impel-
ler, and even cracks will occur in cladding layers.
Figure 9 shows contours of von Mises equivalent stress
distribution in key steps (t = 4.2 s, t = 5.4 s, t = 323.4 s).
From the Fig. 9a, higher stress concentration is located at
cladding zone and surrounding HAZ and the max stress
is 270 MPa. Figure 9b shows the von Mises equivalent
stress distribution at 1.2 s, the max stress is 316 MPa,
and the stress is mainly concentrated at the interface of
layers. Figure 9c shows the stress of blade after cooling.
The residual stresses are partially relived and the max

Cladding zone

Fig. 7 Remanufactured impeller

(a) (b) (c)

(d) (e) (f)

Fig. 8 Temperature distributions in key steps in laser cladding. a step = 4, b step = 1, c step = 9, d step = 22, e step = 30, and f step = 39

(c)

step=87,    time=323.4s   max.stress=303MPa

(a)

step=14,    time=4.2 s    max.stress=270MPa

(b)

step=28,   time=8.4s   max.stress=316MPa

Fig. 9 Von Mises equivalent stress of blade impeller. a step = 14, b step = 28, and c step = 87
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stress is 303 MPa. It is concluded that the residual stress-
es are generated after laser cladding in cladding coatings;
the max stress is about 300 MPa. In order to validate the
simulation model, the residual stress was tested by X-ray
diffraction (XRD), as shown in Fig. 10. The experimen-
tal results show good consistency with simulation results.
A reasonable heat treatment could be conducted to

improve the quality of remanufactured impeller by re-
lieving residual stress.

As thermal stress existed in cladding layers, the defor-
mation of blades was generated. The large deformation
will cause harmful deflection, which seriously affects
stability and safety of the centrifugal compressor. It is
hard to obtain high precision deformation by finite
element analysis (FEA) due to different laser cladding
parameters, various control boundaries, different heat
treatment methods, etc. Thus, FEA method was used in
strain analysis and Power Scan-IIS 3D scanner was used
in deformation analysis. Figure 11 shows the strain and
deformation of remanufactured blade. Figure 11a is the
strain contour of blade at 323.4 s. As a large amount of
heat is input in a limit area at a very short time, the
strain is mainly concentrated on the cladding layers.
Figure 11b is deformation contour obtained by 3D scan-
ner and deformation is 1.5 mm. The deformation position
is in good agreement with simulation results and the
simulation model is validated. After laser cladding, the
impeller will be machined to meet the requirements of

Fig. 10 Residual stress measurement by XRD

(a) (b)
2.0000

1.7149

1.4290

1.1448

0.8687

0.5746

0.2866

0.0000

-0.2866

-0.5746

-0.8687

-1.1448

-1.4290

-1.7149

-2.0000

Fig. 11 Strain/deformation of
remanufactured blade. a Strain of
remanufactured blade. b
Deformation of remanufactured
blade

(a) (b)

(c) (d)

200µm

10µm

10µm

10µm

Fig. 12 Microstructure of
cladding zone. a Interface of
cladding and substrate. b Top
cladding zone. c Middle cladding
zone. d Bottom cladding zone
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impeller and the deformation of 1.5 mm can be eliminat-
ed through machining process.

4.2 Microstructure of cladding zone

4.2.1 Microstructure

The performance of joint between cladding and sub-
strate is closely related to the quality of remanufacturing
impeller. In this paper, metallurgical bonding interface
and cladding layer were observed by metallurgical mi-
croscopy as shown in Fig. 12. From the Fig. 12a, inter-
mittent white bright band can be easily observed in the
bonding interface, with a thickness of about 30 μm.
White bright band is mainly composed of a plane crys-
tal structure, which is determined by heat transfer be-
tween the substrate and cladding layer. Based on the
properties of FeCrNiCu alloy, the strengthening phase
of M7C3 and NbC carbide dispersed in the Fe based
alloy can improve bonding strength and microhardness
of the forming part. From Fig. 12b, the top of cladding
layer consists of fine equiaxed grains, and a large num-
ber of strengthening phases are precipitated in grain and
grain boundaries. Due to the negative temperature gra-
dient generation which caused by sharp thermal diffu-
sivity, a large number of fine crystalline particles are
formed. From Fig. 12c, the middle of cladding layer
mainly consists of dendrite. In the dendrite, the second-
ary phase separation is precipitated which can improve
the high microhardness under the dispersing strength-
ened effect. The ferrite and Cr7C3 are found in the laser

cladding coating by XRD phase analysis. These
strengthening phases can improve mechanical properties
due to high microhardness, high bonding strength, good
wear resistance, and strong corrosion resistance.
Figure 12d shows the microstructure of the bottom of
cladding layer. The fine grained austenite and undis-
solved carbides particles are existed in grain and grain
boundaries. The cladding layer and the substrate have a
good metallurgical bonding, which ensures high bonding
strength of the cladding layer.

4.2.2 Microhardness

The microhardness of cladding cross section was tested
by DSZF-1 digital microhardness tester. In the thickness
direction of a cladding layer, 15 points were selected.
The microhardness of every point was calculated by tak-
ing the average of the remaining 4 points in horizontal
line apart 0.3 mm. The microhardness is shown in
Fig. 13. The surface microhardness of the cladding layer
is the highest, and the average value is 443 HV. As a lot
of strengthening phases (M7C3, NbC) decarbonized in
the cladding layer, the microhardness is increased. From
the top to the interface, the microhardness decreased
gradually, and the hardness decreased to 361 HV. As
the crystal microhardness is transformed from the
equiaxial grains to the dendrite, the microhardness is
decreased slightly. The average value of cladding layer

Test point

Substrate

Interface

Cladding

Distance from the interface/mm

sse
n

dra
h

orci
M

/H
V

Fig. 13 Microhardness of cladding and substrate

Table 4 Tensile strength
of experiment Test/MPa Average/

MPa

Laser cladding
specimen

961 873
845

812

FV520B
specimen

1020 1091
1175

1078

12

1.5

1
0

11

2*Φ3

40

Fig. 14 Tensile specimen Fig. 15 Von Mises equivalent stress at rated speed
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is 398 HV. From the interface to substrate, the micro-
hardness increased gradually and remained relatively sta-
ble; the average microhardness is 360 HV. The substrate
was diluted with cladding layer in laser cladding, and the
microhardness is remained stable.

4.2.3 Tensile property

In order to study the bonding strength between cladding layer
and substrate, the tensile test was carried out by using
INTRON 9 tensile testing machine. The loading rate was
v = 0.02 mm/s, and tensile load was σ = 0.003 kN. The tensile
specimen is shown in Fig. 14. The results were recorded by a
computer.

Table 4 is the result of tensile testing. The results show that
the max tensile strength of FeCrNiCu-FV520B specimen is
961 MPa and the tensile strength range is 812∼961 MPa. The
tensile strength of FV520B specimen is 1020∼1178 MPa. The
tensile strength of the laser cladding specimen is lower than that
of specimen FV520B, but it still has a very high tensile strength.

4.3 Remanufactured impeller quality test

Impeller is easy to fail under combined action of centrifugal
force, aerodynamic stress, and wake excitation [20]. Figure 15

shows the equivalent stress of impeller at the rated speed by
FEA. The equivalent stress of the impeller is as high as
563.92 MPa. So, it is necessary to assess the safety of
remanufactured impeller.

The safety testing method of impeller mainly includes dy-
namic balance test, over-speed test, crack test, and non-
destructive test (NDT). As the rotational speed of impeller
was very high, a small amount of unbalance quantity can
cause accident at rated speed. Figure 16 shows the dynamic
balance test experiment. The two-planes of remanufactured
impeller were tested to ensure that the impeller is in a standard
equilibrium state. The unbalance quantity can be calculated by
the Eq. (8).

m ¼ M � G� 60

2π� r � n
� 103 ð8Þ

Where m is the unbalance quantity (g), M is weight of
remanufactured impeller (kg), G is balance accuracy level of
the impeller (mm/s), r is radius of impeller (mm), and n is
rotational speed (rpm).

According to the test, m is less than 0.3 g which meets
the requirements of impeller. As the composition of
FeCrNiCu is similar to that of FV520B, there is no dif-
ference in density. Meanwhile, the high-precision machin-
ing method was adopted after laser cladding. Thus, the m
is very small.

The safety of remanufactured impeller under bad con-
ditions also should be considered. The over-speed test of
impeller can not only test the safety at high speed but also
release part of residual stress to enhance safety.
Figure 17a shows the over-speed test experiment. By
using this experiment, the manufactured impeller was test-
ed 3 min at 115 % rated speed. In order to test the impel-
ler quality after over-speed test, the dye penetration in-
spection technique (DPIT) was adopted to detect the
cracks invisible to the naked eyes of the remanufactured
impeller. The result is shown in Fig. 17b after cleaning the
remanufactured impeller with the cleaning agent. In over-
speed test, no abnormal phenomenon occurred. Further
dye penetration inspection shows that there are no cracks
on the surface of remanufactured impeller.

Fig. 16 Dynamic balance test

(a) (b)

No cracks

Fig. 17 Remanufactured
impeller safety test. a Over-speed
test. b Dye penetration inspection
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5 Conclusions

The centrifugal compressor impeller is widely used in petroleum,
chemicals, military, and other important fields. In this paper, the
laser cladding remanufacturing process with FeCrNiCu alloy
powder for thin-wall impeller blade was studied. Based on pres-
ent study, several points can be concluded as follows:

(1) Thermal mechanism of laser cladding was analyzed by
FEA. In the initial stage of laser cladding, the tempera-
ture was about 1200 °C which was lower than the tem-
perature (1521 °C) in a steady state of cladding pool. The
laser power should be increased in the initial stage.
Residual stress analysis showed that the generated equiv-
alent stress was about 310 MPa in HAZ. Therefore, it is
necessary to reduce residual stress of remanufactured
impeller by reasonable heat treatment. The deformation
of remanufactured impeller was 1.5 mm.

(2) The cladding layers were analyzed by metallurgical mi-
crostructure, microhardness, and tensile property test.
The metallographic structure of cladding coatings was
compact and continuous without cracks and pores. The
strengthening phases of ferrite and Cr7C3 can improve
the mechanical properties. The average microhardness of
cladding was 361 HV, and the tensile strength was about
860 MPa.

(3) The safety tests were carried out by dynamic balance test,
over-speed test, and DPIT. The unbalance quantity of m
was less than 0.3 g, and no cracks occurred in DPIT
analysis after over-speed test at 115 % rated speed.

As the quality and safety of remanufactured impeller are
related to failure modes, work conditions, powders, laser clad-
ding processing parameters, etc., the fatigue life will be differ-
ent. Thus, the study about fatigue life assessment will be per-
formed in the next study.
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