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Abstract. Additive remanufacturing height and matching cooling parameters are the key factors affecting blade
repair quality. First, the mathematical model of the single additive remanufacturing repair height and wire-
feeding speed was established, the solution method was proposed and the numerical solution was obtained, and
the validity of the model was verified by experiments. Then, based on the calculation results of a single additive
remanufacturing repair, the geometric morphology of the cross section under double additive remanufacturing
repair was analyzed, and the mathematical model was established. Second, based on the optimal parameters
obtained by numerical analysis and the mathematical model, the fluid structure coupling heat transfer model of
“blade fixture” for base channel cooling was established. The cooling effect of the typical section under different
initial temperatures and different flow rates was calculated, and the coupled heat transfer in the process of blade
remanufacturing was explained by the mechanism. Third, through the comparative analysis of the cooling effect,
optimal cooling parameters of double additive remanufacturing repair were obtained, and the model of coupled
heat flow was verified by experiment. The results showed that the mathematical model of additive remanufactur-
ing height is effective for studying the thermal cycle and cooling effect of welding, and the cooling parameters
obtained by numerical analysis can effectively guarantee the quality of double additive remanufacturing of blade
repair.

1 Introduction

Due to a long time of working in a high pressure and high
temperature environment, coupled with grinding and impact
with dust in the air, the compressor blades of aircraft engines
are usually damaged to different degrees. The damage to the
blade will affect the thrust and flight safety of the engine.
Additive remanufacturing repair (hereinafter referred to as
ARM-repair) is currently a recognized technology in aviation
maintenance for blade tip damage within 2 mm (Chai et al.,
2014). In civil aviation, the 4–9 stage compressor blades
of the CFM56 series engine are made of Ni 718 alloy. Be-
cause of the advantages of good arc stability and low current,
micro-beam plasma arc welding (MPAW) is very suitable
for welding ultrathin alloys, which have become one of the
main methods of blade ARM-repair (Liu et al., 2018; Wang
et al., 2016). However, due to the ultrathin blade tip and poor

thermal conductivity, the matching of increased ARM-repair
height and the cooling parameters is a technical challenge in
blade additive remanufacturing, which seriously affects the
blade repair quality.

The additive remanufacturing of ultrathin alloy blades is
equivalent to high quality surfacing. One of the main require-
ments for automatic additive remanufacturing is to know the
shape and size of the deposited bead (Ding et al., 2015).
Panchagnula and Simhambhatla (2018a) built a mathemat-
ical model that uses the values of the height and width of
the first layer to predict the geometry of other layers. The
model predicts the relationship between the geometry of the
bead and key process parameters. Ding et al. (2016) also es-
tablished the relationship between single bead geometry and
welding process parameters through an artificial neural net-
work (ANN) model. The increase in additive remanufactur-
ing height will prolong the molten pool cooling time, which
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directly affects the weld seam quality (Zhao et al., 2011;
Shen et al., 2020). Numerical modeling of the molten pool
can provide predictions, not only for molten pool shape and
deposited bead shape but also for the mass and heat trans-
fer process, which is critical for understanding and control
of the microstructure evolution of the deposited parts (Wu
et al., 2017). For a nickel-based alloy, an excellent thermal
cycle can effectively enhance the mechanical property of the
weld seam. Excessive temperatures above the melting point
could significantly increase the weld zone’s grain size (Ram
et al., 2005). Moreover, a molten pool’s temperature fluctua-
tion and cooling rate are also significant enough to influence
the microstructure and properties of the weld zone (Baruah
et al., 2016; Desai et al., 2014; Manvatkar et al., 2015). When
the material thickness is small, the effect is more significant
(Zhang et al., 2016; Gao et al., 2014). Ouyang et al. (2002)
studied the microstructure characters and geometrical prop-
erties of deposited layers in rapid prototyping based on vari-
able polarity gas tungsten arc welding, developing the rela-
tionships between the geometry of deposited layers and the
process parameters. The results show that the microstructure
of the weld zone is highly dependent on the related locations
of deposited parts. Karimzadeh et al. (2006) established a se-
quential coupled thermomechanical model for the welding
of a titanium alloy, based on the large displacement theory.
They discovered the influence of heat input on the welding
effect. Neela (2009) developed a three-dimensional finite el-
ement model to simulate heat transfer in the laser-engineered
net shaping process and analyzed the process parameters’ in-
fluence on peak temperature, thermal cycles, and molten pool
dimensions.

In addition to overall heat transfer characteristics, fluid
heat transfer of the cooling medium is also a factor worth
studying in additive remanufacturing of ultrathin superalloys
(Qu et al., 2002; Wu et al., 2011). It is beneficial to improve
the quality of welding when the temperature and cooling time
of the molten pool is controlled in an acceptable range (Man-
vatkar et al., 2015). Manikandan et al. (2014a, b) investigated
the effect of cooling efficiency on the formation of Laves
phase of Inconel 718 in the melting zone under tungsten in-
ert gas (TIG) welding, applying constant current and com-
posite current pulse modes and calculating the cooling rate.
Sun et al. (2016) studied three cooling methods of air cool-
ing, copper block cooling, and spray cooling and point out
that reasonable control of the cooling rate is helpful to ensure
the quality of the welded joint. By analyzing the latest active
thermal management technologies (Wang et al., 2020a) and
oriented spray cooling technology (Wang et al., 2020b, c),
Wang et al. (2018) proposed a gas-atomized spray cooling
system integrated with an ejector loop and applied the cool-
ing method with micro-structured surfaces.

A compressor blade is a kind of ultrathin alloy which has
higher requirements for temperature control and cooling of
the molten pool, and the repair process is more complicated.
Repair height and cooling parameters significantly influence

Figure 1. Cross section morphology after single ARM-repair.

the thermal cycle of the molten pool, which are the key fac-
tors affecting the repair quality of ultrathin alloy blades. In
this paper, through establishing the mathematical model, the
solutions of single ARM-repair height are obtained in Sect. 2.
Then, the validity of the model was verified by experiments
in Sect. 3. Based on the results of Sects. 2 and 3, the ge-
ometric morphology of the cross section under double ad-
ditive remanufacturing repair was analyzed, and the math-
ematical model was established in Sect. 4. Then, the finite
element model (Sect. 5) and the calculation of model param-
eters (Sect. 6) are carried out. Through numerical analysis
and discussion, the matching cooling parameters were ob-
tained in Sect. 7. The metallographic experiment (Sect. 8)
further confirmed the validity of the study. The study can
provide scientific theoretical support for blade ARM-repair
height and related cooling parameters and positively improve
blade repair technology.

2 Mathematical model and solutions of single
ARM-repair height

After ARM-repair by the MPAW automatic system, the cross
section morphology of the blade is shown in Fig. 1.

Benefitting from the excellent and stable heat input of the
MPAW automatic machine, the shape of the cross section in-
creases evenly as the wire-feeding speed increases, and an
approximate circle with radius r is formed on the base metal.
In Fig. 1, where h is defined as the height of the ARM-repair
part, W is defined as the width of base metal. Despite the
mass loss due to evaporation in melting and solidification,
based on the theory of mass conservation, the relationship of
the parameters can be expressed by Eq. (1) as follows:
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Table 1. Numerical solution of different wire-feeding speeds.

v2
v1

3
3

6
3

8
3

10
3

Initial value 1 1 1 1
r(i) (mm) 5.52× 10−1 6.41× 10−1 7.00× 10−1 7.59× 10−1

ε 1× 10−10 1× 10−10 1× 10−10 1× 10−10

Number of iterations 32 32 31 30
Previous error 9.82× 10−11 5.85× 10−11 7.74× 10−11 9.59× 10−11

H1 (mm) 0.78 1.04 1.19 1.33

Figure 2. The solution steps of Newton iteration.

πr2
·

360− 2arcsin
(
W
2r

)
360

+
W

2
·

√
r2−

(
W

2

)2
 ·L=

πR2
·
L

v1
· v2, (1)

where L is the length of test piece, R is the wire ra-
dius, v1 is the welding speed, and v2 is the wire-feeding
speed. In this study, it is known that w = 1 mm, R =
0.4 mm, and v1 = 3 inmin−1 (1.27 mms−1), and v2 is
set to 3 inmin−1 (1.27 mms−1), 6 inmin−1 (2.54 mms−1),
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The first derivative of r on both sides of the Eq. (3) is ob-
tained as follows:
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and is set as follows:
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where A and B represent the equations in two braces on the
right side of Eq. (5), respectively. With the first derivative for
r , Eq. (5) is obtained as follows:
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Since it is difficult to obtain the analytical solution of Eq. (6),
the Newton iteration method is used to calculate the numer-
ical solution. The solution steps are shown in Fig. 2, where
ε is the calculation accuracy. In addition, the single ARM-
repair height H1 can be obtained as follows:

H1 = r +h= r +

√
r2−

(w
2

)2

. (7)
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Figure 3. Cross section morphology of additive zone with wire-feeding speed of 8 inmin−1 (3.39 mms−1).

After calculation, the numerical solutions are shown in Ta-
ble 1. According to the ARM-repair height and wire-feeding
speed calculation results, the ARM-repair height is low at
3 inmin−1 (1.27 mms−1), and it may need several rounds
of ARM-repair to meet the requirements of the height,
which leads to low efficiency and increases process difficulty.
ARM-repair height is high at 10 inmin−1 (4.24 mms−1),
which requires significant heat input and is not conducive
to the rapid cooling of the molten pool. With the frequency
increase in ARM-repair for ultrathin blades, the technical
difficulty increases, and the repair quality decreases. There-
fore, the ideal repair height is slightly higher than 1 mm (be-
fore grinding). The ARM-repair height produced by wire-
feeding speed of 6 inmin−1 (2.54 mms−1) and 8 inmin−1

(3.39 mms−1) is more suitable from the calculation data.

3 Experimental results and discussion of single
ARM-repair

In the experiment, the thickness of the Inconel 718 test
piece is w = 1 mm, and the radius of the welding wire is
R = 0.4 mm. After surfacing, the cross section morphol-
ogy of single ARM-repair area under different wire-feeding
speeds is shown as Figs. 3 and 4. Because the test piece
is very thin, there is a certain degree of horizontal error
in the manual polishing of the upper surface before weld-
ing, so the morphology after surfacing has a certain degree
of tilt. According to the experimental parameters obtained
from previous studies (Gong et al., 2019; Dai et al., 2020a),
the cross section morphology of the additive zone of two
kinds of wire-feeding speeds (6 inmin−1 (2.54 mms−1) and
8 inmin−1 (3.39 mms−1)) was measured by software.

The results show that, although the cross sectional mor-
phology is inclined to a certain extent, the roundness of the
additive morphology of the two wire-feeding speeds is good,
which is consistent with the theoretical model. A morphol-
ogy of 6 inmin−1 (2.54 mms−1) is better than 8 inmin−1

(3.39 mms−1).
In terms of error size, the diameter of the additive zone

is about 1.7 mm at 8 inmin−1 (3.39 mms−1) wire-feeding

speed, and 1.5 mm at 6 inmin−1 (2.54 mms−1) wire-feeding
speed. Compared with 2r(i) of the theoretical model, the
actual diameter increases by 0.3 and 0.25 mm respectively,
which shows that the error is much more minor at a wire-
feeding speed of 6 inmin−1 (2.54 mms−1).

In terms of error ratio, the error ratio is close to that of the
wire-feeding speed. The causes of the error can be judged
as follows: the smoothness and flatness of the ARM-repair
surface, the theoretical model adopting the same density of
the base metal and welding wire, and the possible density
change in the welding wire and the base metal after fusion.
Moreover, the latent heat and mass loss is also a possible
reason for the errors.

The additive zone’s ideal morphology and repair height are
achieved, which will lay a good foundation for the next stage
of blade repair technology. The results show that the cross
section morphology is in good agreement with the theoretical
model in the overall trend, which verifies the effectiveness of
the theoretical model.

4 Calculation of welding parameters of double
ARM-repair

According to the repair requirements, the repair height of the
second additive remanufacturing is about 0.8–1 mm, and the
diameter of the first additive part needs to be covered by the
second part. The ideal cross section after the second addi-
tive repair is shown in Fig. 5, where S1 represents the cross-
sectional area of the second additive material after repair, h1
represents the height of the second additive material, r1 rep-
resents the large circle radius of the second additive material,
r2 represents the small circle radius of the section of the first
additive material, and W represents the thickness of the test
piece.

The MPAW automatic system can achieve good wire-
feeding accuracy. Despite the mass loss due to evaporation
in melting and solidification, according to the law of con-
servation of mass, the relationship between the second wire-
feeding speed v and cross-sectional area S1 can be expressed
as follows:
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Figure 4. Cross section morphology of additive zone with wire-feeding speed of 6 inmin−1 (2.54 mms−1).

Figure 5. Profile of double additive remanufacturing repair.

ρ · S1 ·L= ρ ·πr
2
0 · v · t (8)

v =
S1 ·L

πr2
0 · t

, (9)

where ρ is the density of the welding wire, the length of the
test piece is L= 65 mm, v is the wire-feeding speed, the ra-
dius of the welding wire is r0 = 0.4 mm, the welding time is
t = 50 s, and S1 is the cross-sectional area of the second pass.
According to the solution of the mathematical model of sin-
gle ARM-repair height in Table 1, select a single ARM-repair
height corresponding to the wire-feeding speed of 6 inmin−1

(2.54 mms−1) as the research object.
It is known that r2 = 0.64 mm; when considering the lower

thermal conductivity of Inconel 718 to facilitate the heat dis-
sipation of the molten pool, the height of double the ARM-
repair is 0.8 mm. Therefore, the calculation process of double
the ARM-repair cross-sectional area is as follows:{
r2

1 = h
2
+ r2

2
h= r2+h1− r1

. (10)

When solved after substitution, h= 0.58 mm, and r1 =
194
225 ≈ 0.862 mm.

Take the position of the center of the small circle as the
origin of the coordinate to establish the coordinate system in
Fig. 5, and then the small circle equation is as follows:

x2
+ y2
= r2

2 . (11)

The big circle equation is as follows:

x2
+ (y−h)2

= r2
1 . (12)

Therefore, let S0 represent the common area of the two
circles; then, in the following:
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When we solve after the substitution, S0 =

2
∫ 0.64

0

√
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0 , and
√
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For 2
∫ 0.64

0

√
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− x2dx, let x = 0.64sin t ; then dx =
0.64cos tdt . When x = 0, let t = 0, and when x = 0.64, let
t = π

2 , which is then solved as 2
∫ 0.64

0
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− x2dx = 128π
625 .
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Figure 6. The structure of MPAW fixture. À Copper bonds. Á Clamping structure. Â Inconel 718 test piece. Ã Aluminum frame. Ä Shield
gas channel. Å Cooling water channel.

For 2
∫ 0.64

0

√
0.862

− x2dx, let x = 0.86sin t ; then
dx = 0.86cos tdt . When x = 0, let t = 0, and when
x = 0.64, let t = arcsin 32

43 , which is then solved as

2
∫ 0.64

0

√
0.862

− x2dx = 0.987.
After calculation, the common area of the two circles is

S0 = 0.888 mm2. With Eq. 14, we determine the following:

S1 = πr
2
1 − S0. (14)

The solutions are S1 = 1.4464 mm2. By substituting into
Eq. (8), the wire-feeding speed of the double additive reman-
ufacturing repair is v ≈ 3.8 mms−1 (9 inmin−1).

5 Finite element model

The structure of the MPAW repair fixture is shown in Fig. 6.
It mainly comprises an aluminum frame and a copper heat-
dissipation clamping structure, which is equipped with two
rows of movable cooling copper bonds. To simplify the cal-
culation, considering that the aluminum frame is not involved
in heat dissipation, only the structures involved in clamping
and heat dissipation are modeled. The curvature of the ultra-
thin blade tip is small after being clamped. In this study, an
Inconel 718 alloy sheet (65mm× 30mm× 1mm) was used
for simulations and experiments.

For symmetric structures, the method of symmetry plane
can simplify many of operations in COMSOL. The symme-
try plane is defined as the cross section in the x axis direction
of the Inconel 718 alloy test piece. After meshing, the mesh-
ing and mesh quality is shown in Fig. 7. It is shown that the
dense mesh was applied to the ARM-repair surface of the In-
conel 718 alloy test piece. Similarly, it is also applied to the
primary heat transfer surface of the copper bonds. The coarse
mesh is applied to the rest of the structure. The unit number
of the grid is 215 852. The smallest unit size and the maxima
are 1.79× 10−2 and 1.79 mm, respectively. The maximum

unit growth rate is 1.3, and the grid quality of important heat
transfer parts is close to 1. For the fluid mesh, boundary layer
mesh is applied to the wall of the fluid part of the fixture. The
stretch factor is 1.2, and the thickness adjustment factor is 1.
The boundary layer mesh of the fluid part is shown in Fig. 7c.

6 Model equations and boundary conditions

In this paper, the coupled heat transfer model is mainly com-
posed of solid heat transfer and fluid heat transfer. The model
equations can be referred to in our previous research (Gong
et al., 2021). In addition, for heat conduction in the mi-
crostructure, the effect of thermal resistance on the overall
heat transfer should be considered (Wang et al., 2021). Due
to the temperature of the contact surfaces between the cop-
per bonds and the blade being less than 427 ◦C, the thermal
radiation resistance can be neglected (Bahrami et al., 2004a).
The thermal contact resistance model can be seen to in other
works (Zheng et al., 2014; Shi et al., 2018; Tariq et al., 2016;
Yovanovich et al., 2006; Grujicic et al., 2005; Bahrami et al.,
2004b) and our previous research (Dai et al., 2020b).

The fluid calculation parameters are brought into the
model parameter setting conditions, establishing a “blade
fixture” solid heat transfer and fluid heat transfer coupling
model, and the fluid boundary conditions are shown in
Fig. 8a.

1. Tap water at 10 ◦C was used. The fluid property is in-
compressible.

2. The inlet of the flow channel is on the right side of the
fixture. The four velocities are converted to the normal
velocity of the cross section for velocity boundary con-
ditions.

3. The outlet of the flow channel is on the left side of the
fixture, and has adopted the pressure boundary condi-
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Figure 7. Meshing and mass distribution. (a) Mesh generation. (b) Mesh quality. (c) Boundary layer mesh of the fluid.

Figure 8. Fluid boundary conditions and initial value step function. (a) Fluid boundary conditions and initial values. (b) Initial value step
function.

tion. Assuming there is no backflow, the outlet pressure
is set to 0 Pa.

4. There is no slip of the wall boundary condition.

Due to the boundary conditions of the fluid, the velocity
value at the beginning of the simulation is V1 > 0. This does
not match the initial velocity value u= 0 ms−1 in the flow
channel. The transient solver will start to calculate the solu-
tion based on these initial values, leading to the convergence
of the calculation results. In order to solve the consistency
problem of the initial value of fluid in modeling, a step func-
tion is defined, as shown in Fig. 8b. Let the time derivatives
of the function at the beginning of the smoothing region be

0. Based on the consistency of initial values, the loads and
boundary conditions on the transient model are gradually
increased. The command expression of velocity field U0 is
U0 = V1× step 1(t [s−1]) at the start-up stage, when the inlet
velocity or pressure difference increases gradually. In order
to solve the numerical fluctuation of k and ε in this period,
the default time solver of the k–ε model adopts an uncali-
brated absolute tolerance for k and ε. The tolerance is set to
the following:

kscale = (0.01Uscale)2

εscale = 0.09k3/2
scale/

(
Lfact · lbb, min

)
, (15)
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Figure 9. The heat transfer process of a copper bond.

Figure 10. Cooling times at different initial temperatures.

where Uscale and Lfact are the input parameters in the ad-
vanced setting part of the COMSOL physical interface node,
and their default values are 1 ms−1 and 0.035, respectively.
lbb, min is the shortest edge of the geometry bounding box.

7 Numerical analysis and discussion

7.1 The heat transfer process and pre-cooling time of
the fixture

After several times of welding, the copper bond temperature
can reach above 70 ◦C. The heat transfer process of the cop-
per bond with the water cooling method at an initial tem-
perature of 70 ◦C is shown in Fig. 9. It shows that the time
of the fluid cooling intervention is relatively lagged. Within

3.5 s after the start, the copper bond is almost in a naturally
cool state, and then the fluid cooling begins to intervene with
the heat exchange. It is shown that the y–z plane of the cop-
per bond is the primary heat transfer direction. The enhanced
heat transfer of the y–z plane will be helpful to improve the
cooling efficiency.

The cooling curves of the copper bonds at the initial tem-
perature of 70 and 20 ◦C are shown in Fig. 10. It can be seen
that at the initial temperature of 20 ◦C, due to the slight tem-
perature difference between the copper bonds and fluid, the
temperature drop rate is relatively slow, and the two curves
begin to coincide at 35 s. It can be inferred that when the ini-
tial temperature of the copper bond is between 20 and 70 ◦C,
35 s can be set as the pre-cooling time of the fixture in the
MPAW system.

7.2 Temperature distribution of the wall and fluid surface

The fluid contact wall is selected as a fluid parameterized
surface, as shown in Fig. 11a. The variation in the peak tem-
perature of the wall with time under different cooling condi-
tions was compared. Taking the relatively stable time period
of 50–98 s after heat source loading, the variation in the max-
imum temperature of the fluid parameterized surface with
time is calculated, as shown in Fig. 11b. The curve change
in the figure can be seen as the wall temperature change in
the whole process of additive repair. It can be seen that the
maximum temperature of the wall is significantly lower than
that of the natural cooling after the passage cooling. At differ-
ent flow rates, the temperature curve of the fluid is basically
the same. Before the start of welding until 55 s, the turbu-
lent length of the channel corresponding to the heat source
coordinate is smaller, and the heat transfer on the x–y plane

Mech. Sci., 12, 803–818, 2021 https://doi.org/10.5194/ms-12-803-2021
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Figure 11. The parameterized surface of the fluid. (a) Parameterized surface of fluid. (b) Parameterized surface temperature change under
different cooling conditions.

Figure 12. Typical transient temperature distribution of fluid surface at different flow rates.

is weaker than it was. Then, as the heat source moves to the
middle, the heat conduction and transfer of the fluid on the
x–y plane promote the heat conduction between the copper
bond and the fluid on the y–z plane and between the copper
bonds on the x–y plane, and the maximum wall temperature
begins to decrease. Near the end of welding, the wall tem-
perature increases due to the rise in the overall temperature
of the clamp and the unequal heat conduction distance be-
tween the heat source and the cooling surface at both ends.

From the temperature distribution of the entire period of the
wall surface, the cooling effect of 4.6 Lmin−1 is close to that
of 5.5 Lmin−1, which is better than others.

Take three coordinate positions with equal distance from
the upper surface of the Inconel 718 sheet as the sampling
points. According to the coordinate position and heat source
moving speed, the time of the heat source moving to the
three typical positions is 62.5, 75, and 87.5 s, respectively.
The calculated temperature distribution on the liquid surface

https://doi.org/10.5194/ms-12-803-2021 Mech. Sci., 12, 803–818, 2021
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Figure 13. Temperature comparison of the welding of the micro-section at different flow rates.

Table 2. The chemical composition of the base metal and welding wire of the experiment (weight percentage; wt %).

Al C Co Cr Cu Fe Mn Mo Nb Ni Si Ti

Base metal 0.39 0.052 0.05 19.0 0.17 16.7 0.29 2.93 4.97 54.3 0.26 0.9
Wire 0.56 0.033 0.15 18.6 0.056 18.03 0.12 2.98 4.85 53.6 0.10 0.92
Average 0.475 0.0425 0.10 18.8 0.113 17.365 0.205 2.955 4.91 53.95 0.18 0.91

is shown in Fig. 12. The results of the transient solution show
that the instantaneous maximum temperature of the fluid up-
per surface decreases with the increase in the flow velocity
at different times. It indicates that the area of the crimson re-
gion with higher temperature decreases significantly, and the
heat exchange increases with the increase in the flow veloc-
ity. The heat exchange effect of 4.6 Lmin−1 is close to that
of 5.5 Lmin−1, which is better than others.

According to the fluid temperature distribution in Fig. 12,
the heat transfer is mainly concentrated in the upper part
of the fluid under the limitation of the current structure.
The fluid is not fully involved in the heat transfer. There-
fore, although the turbulence intensity and Reynolds coeffi-
cient increase significantly when the flow rate increases to
5.5 Lmin−1, the heat transfer efficiency does not increase
linearly compared with that at 1.5 Lmin−1. For ARM-repair
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Table 3. Mass percentages of the chemical composition of the ARM-repair zone (weight percentage; wt %).

Component Ni K Cr K Fe K Mo L Nb L Al K Ti K Mn K

Spectrum 1 54.14 18.02 18.49 2.49 4.15 0.78 1.1 0.83
Spectrum 2 53.93 17.73 18.72 2.52 4.22 0.73 1.23 0.92
Spectrum 3 53.68 18.34 18.41 2.35 4.34 0.68 1.35 0.85
Spectrum 4 54.49 17.88 18.36 2.5 4.19 0.75 1.02 0.81
Average 54.06 17.99 18.495 2.465 4.225 0.735 1.175 0.8525

Table 4. Comparison of the Vickers hardness test results (HV0.1).

Detection area 1 2 3 4 5 Average

Double ARM-repair zone 194.4 197.0 192.1 192.8 190.7 193.4
Single ARM-repair zone 198.3 197.5 193.9 195.1 189.7 195.88
Base metal – – – – – 199.08

Figure 14. The position of the middle cross section.

with a higher cooling demand, the fixture structure needs to
be redesigned and tested.

7.3 Comparison of temperature distribution of weld
seam

The temperature variation in and fluctuation of the molten
pool can reflect the transient accumulation of heat, which af-
fects the cooling rate and the quality of the surfacing zone
(Näsström et al., 2019; Wahab et al., 1998). Based on the cal-
culation results of the single and double ARM-repair height
models, the double ARM-repair height is set as the z axis
coordinate of the weld seam cross section. We set flow rates
at 1.5, 3, 4.6, 5.5, and 8 Lmin−1, respectively, to calculate
the average temperature change of the welding micro-section
corresponding to the heat source under different flow rates.
We wet the pre-cooling time to 35 s. The calculation results
are shown in Fig. 13a–e. In order to clearly and intuitively
compare the temperature distribution of the welding micro-
section under several flow rates, 2 s after the start of ARM-

repair and 2 s before the end of ARM-repair are removed.
The 52–98 s after welding is selected, and the sampling in-
terval is set at 0.02 s.

Figure 13a shows the comparison of the welding micro-
section temperatures of 1.5 and 3.0 Lmin−1. According to
the relevant results of the point line diagram, the average tem-
perature lines of the two flow rates are close, which is about
1465 ◦C. At the flow rate of 3 Lmin−1, the minimum temper-
ature of the welding micro-section is lower than 1.5 Lmin−1.
However, the temperature fluctuation range at 3 Lmin−1 is
obviously larger than that at 1.5 Lmin−1, which will have
adverse effects on the segregation inhibition of elements.
Therefore, from the overall cooling effect, the cooling effect
of 1.5 Lmin−1 is a little better than that of 3 Lmin−1.

Figure 13b and c show the comparison of the welding
micro-section temperatures of 1.5 and 4.6 Lmin−1 and 3 and
4.6 Lmin−1, respectively. From the comparison of the point
and line diagram, the weld temperature and temperature fluc-
tuation under the flow rate of 1.5 and 3.0 Lmin−1 are signif-
icantly greater than the flow rate of 4.6 Lmin−1.

Figure 13d shows the comparison of the welding micro-
section temperature at flow rates of 5.5 and 4.6 Lmin−1. It
is shown that the average temperature of the welding micro-
section at 5.5 Lmin−1 is close to that at 4.6 Lmin−1. How-
ever, from the temperature fluctuation range, the fluctuation
of weld temperature at 4.6 Lmin−1 is obviously less than that
of 5.5 Lmin−1.

For further verification, the flow rate is set at 8 Lmin−1,
and the average temperature distribution cross section of the
welding micro-section is calculated and compared with the
point line diagram of 4.6 Lmin−1, as shown in Fig. 13e. The
numerical analysis results show that the average tempera-
ture of the welding micro-section at 8 Lmin−1 is significantly
higher than that at 4.6 Lmin−1 in the selected time interval,
and the fluctuation range is greater than that of 4.6 Lmin−1.
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Figure 15. Isotherm distribution of cross section in the fixture at different flow rates.

Figure 16. Optical microscope inspection of the weld seam.

At the flow rate of 8 Lmin−1, the turbulence intensity
in the channel continues to increase. However, because the
channel is located on the fixture base, the turbulent heat
transfer effect is not entirely achieved, as only part of the
fluid is involved in the cooling, and the larger turbulence
brings greater temperature fluctuation. Through comparison,
the flow rate of 4.6 Lmin−1 is still an ideal parameter for wa-
ter cooling under several flow rates.

Figure 17. Inspection results of the weld seam.

7.4 Isotherm simulation of the middle section of the
fixture

In order to further verify the results, the test piece is hid-
den, and the middle section on x = 0.0325 m is taken as the
research object in the specific x axis direction, as shown in
Fig. 14. According to the calculation, 76.8 s of the average
time point when the molten pool is cooled to 980 ◦C is taken
as the research node. The isotherm distribution of the fixture
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Figure 18. Inspection results of the high-definition backscattered electron detector (HDBSD) and energy-dispersive X-ray spectrometer
(EDS) in the weld seam.

section at this time node under different flow rates is calcu-
lated. The starting temperature of the isotherm is set as 12 ◦C,
the marking interval is 1 ◦C, and the end temperature is the
highest temperature of the corresponding fixture section. The
transient calculation results are shown in Fig. 15a–d.

From the isotherm distribution of the y–z middle section
of the half fixture, the fluid is not fully involved in the heat
transfer under different flow rates due to the limitation of
the channel position, so the cooling effect is different. At the
cooling time of 76.8 s, the peak temperature of the clamp sec-
tion at the flow rate of 1.5 and 3 Lmin−1 is 73.9 and 74 ◦C,
respectively, and the peak temperature of the clamp section
corresponding to the flow rate of 4.6 and 5.5 Lmin−1 is 69.7
and 69.1 ◦C, respectively. In terms of the cooling effect, the
cooling effect of 4.6 and 5.5 Lmin−1 is similar, which is
better than the other two flow rates. The isotherm interval
of 4.6 Lmin−1 is denser than that of 5.5 Lmin−1, and the
isotherm of 12 ◦C moves forward, which has a better heat
transfer stability and cooling effect.

According to the above analysis and the mechanism re-
search of heat transfer, it is expected that a better cooling
effect can be achieved when the pre-cooling time is 35 s and
the flow rate is close to 4.6 Lmin−1. However, due to the lim-
itation of the position of the base channel, the y–z section of
the channel is not fully involved in cooling. Therefore, the
heat transfer efficiency does not increase with the increasing
flow rate. For some ARM-repairs that need to be done three
or more times, it is necessary to optimize the fixture structure
and flow channel form to further improve the heat transfer ef-
ficiency in further work.

8 Metallographic experiment

According to the calculation results, the flow rate of the run-
ner is set to 4.6 L min−1, the heat source loading time is
35 s after water cooling, the heat source power is 431 W,

the welding speed is 3 inmin−1 (1.27 ms−1), and the wire-
feeding speed is 9 inmin−1 (3.81 ms−1). Since the MPAW
multi-channel additive also involves fine upper-surface pol-
ishing and welding torch trajectory planning, the method of
increasing the clamping height of the test piece, whose up-
per surface is polished to a smooth mirror surface, is used to
simulate the additive repair height in the numerical model,
mainly for the detection and analysis of the cooling effect.
The weight percentage (wt %) of the chemical composition
of the base metal and welding wire used in the experiment is
shown in Table 2.

After welding, cutting and sample preparation is carried
out. The results of the optical microscope inspection of weld
seam are shown in Fig. 16. The additive area is observed by
high-definition backscattered electron detector (HDBSD) of
the scanning electron microscopy (SEM), and the results are
shown in Fig. 17. The metallographic experiment follows the
standard of the testing method for the microstructure of su-
peralloys (taken from the industry standard of the People’s
Republic of China – GB/T 1499.4), the testing method for
metallographic microstructure (GB/T 13298), and the detec-
tion method for chemical composition and surface morphol-
ogy (GB/T 17359). It is shown that, due to the forced cool-
ing, the growth of grains tends to be columnar grains in the
cooling direction, and the grains are dispersed. This is consis-
tent with the effect of the cooling rate on the grain formation
described in the solidification diagram of Inconel 718 alloy
proposed by Nastac et al. (2001).

We select a different Guinier–Preston zone for energy
spectrum detection, as shown in Fig. 18a, and remove ele-
ments with a content of less than 1 % and C elements that
affect the error. The mass percentages of the chemical com-
position of the ARM-repair zone are shown in Table 3. It
is shown that the weight percentage of Nb in the Guinier–
Preston zone is about 4.15 %–4.34 %, and the Laves precip-
itation phenomenon discussed in the literature (Wang et al.,
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2010) is not observed (Fig. 18b). It can be inferred that the
strengthening ratio of Nb in the Guinier–Preston zone is bet-
ter, and the proportion of Nb lost in the strengthening phase
of the weld zone is within a reasonable range, which helps
to maintain the mechanical properties of the ARM-repair
zone. In addition, compared with the base metal, Nb con-
tent in Guinier–Preston zone is slightly lower. However, af-
ter the later heat treatment, the Nb content will easily reach
the ideal level, effectively reducing the time and difficulty of
the whole heat treatment in the subsequent repair step (Croft
et al., 2010).

According to the Vickers hardness test method of metal-
lic materials (GB/T 4340.1-2009), a Vickers hardness of the
additive zone of the double ARM-repair was detected. A to-
tal of five sampling points (vertical and upward) were taken
from the weld seam to detect the hardness of the ARM-
repair part. The comparison of Vickers hardness test results
is shown in Table 4. In the single ARM-repair, only a cop-
per bond was used for cooling, so the hardness decreased. In
double ARM-repair, fluid cooling is involved in making the
cooling effect better. However, the turbulence also causes the
nonuniformity of heat dissipation, so the hardness change of
the second repair does not show a fixed rule. It is shown that
the average Vickers hardness value of a double ARM-repair
zone is 193.4, which is about 1.27 % lower than that of the
single ARM-repair zone and 2.82 % lower than that of the
base metal.

9 Conclusions

With establishing the mathematical model of the height of
ARM-repair, the precise position with the theoretical basis
of the weld seam under different wire-feeding speeds is ob-
tained. The cooling effect is analyzed by numerical analysis
and verified by experiments.

1. The mathematical model of the single ARM-repair
height and wire-feeding speed was established, and
the numerical values of additive height under different
wire-feeding rates were solved. The results show that
when the moving speed is 3 inmin−1 (1.27 mms−1),
better repair height can be achieved by using 6 inmin−1

(2.54 mms−1) and 8 inmin−1 (3.39 mms−1) of wire-
feeding speed. The experimental results verify the va-
lidity of the theoretical model.

2. Based on the mathematical model of the single ARM-
repair, the model of the double ARM-repair was estab-
lished. Under the condition of covering the single ARM-
repair radius, when the height of the double ARM-
repair is 0.8 mm, the corresponding wire-feeding speed
is about 9 inmin−1 (3.8 mms−1), the radius of the cross
section circle is about 0.862 mm, and the center of the
circle is located in the section circle of single ARM-
repair zone.

3. The heat flow coupling model of double ARM-repair
was established, the model equation was deduced, and
the heat transfer mechanism of blade fixture was ex-
plained. The numerical analysis indicated that when the
initial temperature of the clamping copper bond is be-
tween 20 and 70 ◦C, a pre-cooling time could be set to
35 s in the MPAW system.

4. The thermal conductivity in the y–z plane is the key fac-
tor affecting the thermal conductivity of copper bonds.
According to the comparison of the temperature distri-
bution of fixture section and the cross section of the
weld micro-section under different flow rates, when the
flow rate is 4.6 Lmin−1, the comprehensive index of
the heat transfer stability and cooling rate is better than
other flow conditions, which can achieve a better cool-
ing effect.

Future work

This research is based on the current MPAW fixture struc-
ture of aviation maintenance. However, the fluid is not fully
involved in the heat exchange due to the current structural
limitations of the fixture. The redesign and test of the fixture
structure are complex subjects worthy of study. Future work
will focus on the design and improvement of flexible cooling
fixtures and the precise temperature control in ARM-repair.
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