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Abstract
In this paper, an automatic WAAM technology are proposed to realize the gradient additive remanufacturing of ultra-large hot forging dies. Firstly, a vertical
additive manufacturing strategy  and a normal additive manufacturing strategy are proposed to meet different additive manufacturing demands. Secondly,
the basic principle of layering design of ultra-large hot forging dies is developed, and the wear resistance of Ni-based, Co-based and Fe-based alloys at room
temperature and high temperature is analyzed. The Co-based alloy has the best high temperature wear resistance, which can be used on the surface of the hot
forging die to strengthen the die. In order to control the forming quality of additive manufacturing, the relationship between welding parameters and weld
shape was discussed, and the reverse system of welding process parameters was built. Finally, a typical aviation ultra-large hot forging die is selected as the
research object. According to different stress and temperature distribution in different regions of the ultra-large hot forging die in service, materials with
different properties are used in corresponding regions to improve the service life of the die, reduce the remanufacturing costs and improve the
remanufacturing e�ciency. The experimental results show that the service life of the hot forging die repaired by the automatic gradient function WAAM
technology is signi�cantly increased, the material is reduced by more than 50% and the production e�ciency is increased by more than 50%.

1 Introduction
The service life of a ultra-large hot forging die is extremely low due to the severe service conditions with high-temperature and heavy-load. In addition, the
manufacturing of a new die needs complex processes such as casting, machining, heat treatment. Therefore, the cost of a ultra-large hot forging die is very
high[1][2][3].

Thanks to the advantages of the wire arc additive manufacturing(WAAM) technology, high precision, high e�ciency, low cost, less pollution[4][5] and so on, the
remanufacturing of ultra-large hot forging dies can be done at lower costs[6]. However, there are still many problems in the industrial application of WAAM
technology such as pores, inclusions and weld shape control. Recently, WAAM technology has been widely studied[7] to solve these problems. Ding et al[8][9]

developed a new path planning algorithm and a process control system, and their results show that the additive path is the key factor affecting welding
quality. In order to solve the problem of non-uniform �lling for complex sections, D Ding[10][11] developed a control strategy of section �lling based on arti�cial
neural network prediction model, in which the weld width can be changed in real time. Similarly, Jin Y[12] also proposed an additive manufacturing path
planning algorithm based on non-uniform �lling, and trial produced several samples using this algorithm. Nguyen L[13] developed a multi-directional additive
manufacturing path planning algorithm to overcome the limitation of unidirectional additive manufacturing. In which, the axis of each sub model is
constructed, and then the slicing direction is constructed according to these axes. The complex components can be manufactured by additive manufacturing
using this method. At present, the research on the path planning of WAAM technology is relatively complete, and gradually applied in the manufacture of
parts. However, the research of applying the WAAM technology on the remanufacturing and performance improvement of forging die is relatively less. In
addition, most of the researches focused on the additive manufacturing of one kind of material, and very few of them focused on the gradient additive
manufacturing with multiple materials. One of the greatest advantages of WAAM technology is that different materials can be e�ciently and controllably
stacked in different regions. This advantage makes the WAAM technology potentially the most effective method to improve the service life and reduce the
cost of ultra-large hot forging die. According to the service conditions and failure modes of a hot forging die, different areas of the die need different
mechanical properties[14][15]. Lu S[16] proposed a method to repair forging dies with manual WAAM. The surface strength and hardness of the die are
strengthened by covering high-strength material on the surface of die. However, there are many disadvantages of the manual remanufacturing of ultra-large
hot forging die, such as low e�ciency, bad working environment, low material utilization rate, di�cult weld shape control.

To tackle these challenges, an automatic WAAM technology are proposed to realize the gradient additive remanufacturing of ultra-large hot forging dies in this
paper. According to the different stress and temperature distributions in different regions of the ultra-large hot forging die in service, materials with different
properties are added to corresponding regions to improve the service life of the die, reduces the remanufacturing costs and improves the remanufacturing
e�ciency. The automatic gradient additive remanufacturing is then conducted for a failed ultra-large forging die to verify the feasibility of the proposed
innovative method.

2 Additive Manufacturing Strategy
According to different purposes of additive manufacturing, two path planning strategies are designed. The �rst strategy is called vertical additive
manufacturing(VAM), which discretizes the target model into a series of sections in the vertical direction and �lls these sections using plane �lling algorithm.
The second strategy, called normal additive manufacturing(NAM), offsets the target model to produce a series of space surfaces along the normal direction
and �lls them using surface �lling algorithm. The �rst one is suitable for the manufacturing of parts or large-volume additive manufacturing as shown in
Fig.1a. The second mode is suitable for surface additive manufacturing and is often used for surface coating additive manufacturing as shown in Fig.1b.

 

The �rst strategy cannot achieve the goal of distributing same material in the normal direction of the die surface, so the normal homogeneous gradient
additive manufacturing cannot be achieved. In the second strategy, due to the normal offset of cavity surface, the same material can be uniformly covered on
the die base, so the additive manufacturing with normal uniform thickness can be achieved.

2.1 Vertical Additive Manufacturing(VAM)
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At presents, most of the additive manufacturing strategies used in 3D printing belong to the category of vertical additive manufacturing. This strategy greatly
simpli�es the di�culty of additive manufacturing by completely transforming 3D problem into 2D problem. The target model is discretized into a series of
sections in the vertical direction as shown in Fig. 2a, and then speci�c �lling algorithms are used to �ll these sections. In particular, the commonly used plane
section �lling algorithms are offset �lling and linear �lling as shown in Fig. 2b,c.

As shown in Fig. 2b, the �lling quality of the offset �lling algorithm is good in the boundary region, while the internal region has many �lling defects such as
over-�lling or under-�lling. In contrast, the linear �lling algorithm has good internal �lling quality and poor boundary �lling quality as shown in Fig. 2c. In order
to overcome the disadvantages of these two algorithms, a hybrid �lling algorithm is proposed in this paper, in which the boundary region is �lled with offset
�lling algorithm, and the internal region is �lled with linear �lling algorithm.

2.2 Normal Additive Manufacturing(NAM)
It is di�cult to obtain additive manufacturing layer with thin and uniform thickness by using VAM for some surface strengthening processes. Therefore, the
normal additive manufacturing strategy is extremely important for this situation. For example, the surface of an ultra-large die cavity needs to be coated with a
thin layer of strengthening material as shown in Fig. 3. The multi-layer shell model, the target model, is obtained by the normal offset algorithm of surface.
The target model can be �lled by space surface �lling algorithm in which the space surface is slicing into many welding paths by a series of planes.

Thanks to the thickness of the solid target model is so small, the number of surface target model is also less. Therefore, it is convenient to transform the solid
target model into a surface target model in normal direction. The plane used to slice the target surface model can be described by the equation of . In practice,
different coe�cients should be selected according to the characteristic of the target model. For example, the coe�cients of the model from Fig.3c are set to:
.The coe�cients of the model from Fig.3d are set to: .

3 Process Design Of Waam

3.1 Layer Design

3.1.1 Principle of Layer Design
In hot forging process, the billet is usually heated to a higher temperature, so the surface temperature of the die is usually much higher than the inner
temperature. In addition, humps and pits exist on the cavity surface, the stress and temperature distribution have extreme values in these regions. The cavity
surface is in direct contact with the billet, and the friction is quite intense. For example, according to the simulation results of the temperature and the
equivalent stress for a typical ultra-large hot forging die in service, the surface area of die cavity has the highest temperature, so the surface area is prone to
have wear, burning, collapse, peeling as shown in Fig. 4.

Therefore, a better design is that the cavity surface has higher high-temperature wear resistance, the die transition layer also has higher strength, and the die
base has better toughness[17]. As shown in Fig. 5, a failure hot forging die is redesigned into a three-layer structure, and the automatic WAAM technology is
used to remanufacture the failure die. The thickness of the transition layer and the strengthening layer are determined according to the numerical simulation
results of temperature distribution and stress distribution of the hot forging die in service.

When the hot forging die is in service, the surface temperature of the cavity is above 800 , and the strength of Fe-based alloy is very low at such a high
temperature. Because the high temperature area is mostly concentrated on the surface of the die[18], the thickness of the surface strengthening layer is very
small, and only the NAM strategy can be used to achieve uniform additive manufacturing.

3.1.2 Material Design
According to the analysis in the previous section, the surface region of hot forging die needs high high-temperature wear resistance, which is usually found in
Ni-based and Co-based alloy materials[19][20][21]. In order to ensure that the Ni-based alloy material can achieve the strengthening effect, the following alloy
materials shown in Table 1 are designed, a high-temperature wear resistance experiment is designed to analyze the high-temperature performance of the
material.

Table 1 Composition of welding wire materials in different layers(wt., %)

Materials C Si Mn Cr Mo W V Ni Co Fe

Fe-based 0.24 0.75 1.00 5.43 2.42 1.79 0.35 -- -- Bal.

Ni-based 0.035 0.36 2.65 15.88 1.33 -- -- Bal. -- 7.75

Co-based 0.22 1.00 1.03 27.51 2.76 0.13 -- 2.36 Bal. 1.59

To reduce the remanufacturing cost and improve the service life of the die, the transition layer is made of Fe-based alloy with low price, and the strengthening
layer is made of Co-based or Ni-based alloy with high high-temperature wear resistance. The strengthening layer is usually designed to be very thin, about 8-
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10mm, so the use of expensive Ni-based alloy materials has a little impact on the repair cost of die, while Co-based and Ni-based alloy materials can greatly
increase the service life.

As shown in Fig.6, the ball-disc high-speed friction machine was used to study low-temperature and high-temperature wear resistance performance of the
three materials. The specimen size used in the experiment was 50mm*5mm, and the same surface polishing was carried out on each specimen, and them the
specimens were cleaned with alcohol. As the billet temperature is usually higher than 800 , the specimens of the three materials were rubbed at 25 , 300 and
800 for 60min. In addition, due to the heavy-load borne by the hot forging die in service, the load applied in the experiment was about 200N.

Figure 7 compares the worn tack width and depth of Fe-based, Co-based and Ni-based alloys. Compared with other two kinds of materials, Ni-based alloy has
the largest wear volume at temperature of 25 ℃. The wear volume of Co-based alloy is similar to Fe-based alloy at temperature of 25 ℃. The wear volume of
Ni-based alloy decreases and the wear volume of Co-based alloy is slightly less than Fe-based alloy at temperatures of 300 . The wear volume of Co-based
alloy is signi�cantly decreased when the experiment temperature is reached 800℃. The wear resistance of Co-based and Ni-based alloy increases
signi�cantly with the increase of temperature, while that of Fe-based alloy is opposite.

3.2 Welding Process Parameters
To obtain higher geometric precision of hot forging die in the process of WAAM, this section discusses the relationship between welding process parameters
and the geometry size of weld bead.

First the welding experiment of Fe-based alloy is carried out, and secondly a prediction model based on BP arti�cial neural network and inverse system based
on genetic algorithm are established so that the welding parameters can be obtained quickly. The welding process of Ni-based alloy and Co-based alloy can
be quickly obtained by the same method. The welding parameters that affect the shape of the weld bead mainly include: welding voltage, wire feeding speed
and welding speed. If the welding voltage is too low, the weld bead will be high in height and narrow in width. If the welding voltage is too high, the welding
heat will be large in the welding process, the weld bead with large width and low height will be formed. Therefore, 24V-30V is a more reasonable voltage range
for welding wire with diameter of 1.3mm. The experimental welding voltage is set as: 24V, 26V, 28V, 30V;Wire feeding speed is set as: 5000mm/min,
7000mm/min, 9000mm/min, 11000mm/min; The welding speed is set as: 500mm/min, 700mm/min, 900mm/min, 1100mm/min. A total of 64 experiments
were conducted, and the experimental data are shown in Table 2.

Table2 Weld shapes under different welding process parameters
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number voltage
(V)

Feeding
speed
(mm/min)

Welding
speed(mm/min)

width(mm) height(mm) number voltage
(V)

Feeding
speed
(mm/min)

Welding
speed(mm/min)

width(mm) h

1 24 7000 500 5.52 3.57 33 28 7000 500 8.81 2

2 24 7000 700 4.74 3.03 34 28 7000 700 7.03 1

3 24 7000 900 3.65 2.59 35 28 7000 900 6.36 1

4 24 7000 1100 3.47 1.80 36 28 7000 1100 5.19 1

5 24 9000 500 5.88 3.62 37 28 9000 500 9.73 2

6 24 9000 700 5.37 3.09 38 28 9000 700 8.24 2

7 24 9000 900 5.10 2.74 39 28 9000 900 6.40 1

8 24 9000 1100 4.42 2.40 40 28 9000 1100 5.84 1

9 24 11000 500 7.29 3.87 41 28 11000 500 9.89 2

10 24 11000 700 6.26 3.11 42 28 11000 700 9.09 2

11 24 11000 900 5.28 2.89 43 28 11000 900 7.02 2

12 24 11000 1100 4.93 2.62 44 28 11000 1100 6.10 2

13 24 13000 500 7.74 4.06 45 28 13000 500 10.10 3

14 24 13000 700 6.53 3.57 46 28 13000 700 9.39 2

15 24 13000 900 5.53 3.07 47 28 13000 900 7.33 2

16 24 13000 1100 5.17 2.74 48 28 13000 1100 6.48 2

17 26 7000 500 6.94 2.56 49 30 7000 500 9.34 2

18 26 7000 700 5.51 1.96 50 30 7000 700 7.22 1

19 26 7000 900 4.91 1.70 51 30 7000 900 6.87 1

20 26 7000 1100 4.41 1.43 52 30 7000 1100 5.50 1

21 26 9000 500 7.92 2.67 53 30 9000 500 10.21 2

22 26 9000 700 6.65 2.21 54 30 9000 700 8.75 1

23 26 9000 900 5.88 2.06 55 30 9000 900 6.57 1

24 26 9000 1100 5.17 1.89 56 30 9000 1100 6.16 1

25 26 11000 500 8.87 3.36 57 30 11000 500 10.51 2

26 26 11000 700 7.58 2.81 58 30 11000 700 9.57 2

27 26 11000 900 6.64 2.46 59 30 11000 900 8.47 2

28 26 11000 1100 5.56 2.21 60 30 11000 1100 6.35 1

29 26 13000 500 9.02 3.98 61 30 13000 500 10.53 3

30 26 13000 700 8.74 3.44 62 30 13000 700 9.68 2

31 26 13000 900 6.98 3.03 63 30 13000 900 8.74 2

32 26 13000 1100 6.02 2.51 64 30 13000 1100 7.03 2

The data in Table 2 reveal the nonlinear relationship between the welding process parameters and the geometry parameters of weld bead. An arti�cial neural
network which structure is shown in Fig. 8 are used to approximate the nonlinear relationship. There are three inputs and two outputs in the network, which
contain a hidden layer.

The correlation coe�cient of the test samples was 0.99615 and the mean square error was 0.0687, indicating that the BP neural network had strong
generalization ability and could effectively predict the width and height of weld bead. With the accurate prediction model, the prediction model can be coupled
with the optimization algorithm, so as to realize the inverse welding parameters.

As shown in Fig. 10, the target width and height are set �rst. The error between target parameters and prediction parameters calculated by BP network is used
as the �tness by genetic algorithm. The smaller the �tness, the easier the individual to retain in the iterative process. With the increase of the iterative number,
the error becomes smaller and smaller, and �nally the welding process parameters corresponding to the target parameters of weld bead can be obtained.

In fact, WAAM process is a fusion process of multiple weld beads. The smaller the weld spacing is, the better the surface �atness will be, but the higher the
height will be. The larger the weld spacing is, the worse the surface �atness will be, and the lower the average height will be. Generally, when the weld spacing
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is about 1/2 of the weld width, the surface �atness and the height are more appropriate. As shown in Fig. 11b, the cross section could be not completely �at
after the overlap of multiple welds, as long as the surface �atness reaches the allowable error.

4 Automatic Waam System And Application

4.1 Automatic WAAM System
WAAM system, shown in Fig.12, includes the welding actuator, hammer system and vacuum actuator. The maximum working stroke of the equipment is
4000mm×1600mm×600mm, and the maximum size of parts that can be manufactured is 4650mm×1800mm×800mm.

Both the hammering system and the welding system have three axes, so there are six independent axes in total. Welding and hammering alternately occur
during additive manufacturing. The vacuum system can remove the welding slag so that the welding slag of the previous layer does not affect the welding of
the next layer. The welding current in the digital automatic welder is automatically adjusted without external control, and the welding voltage and wire feeding
speed is controlled by the external digital signal from robot system.

4.2 Application of Automatic WAAM
The repair process of hot forging die includes: removal of failure area, 3D scanning, extraction of target model, layer design, cleaning of die base, preheating
of die base, transition layer welding, strengthening layer welding, post-welding heat treatment, machining and other steps. Firstly, carbon arc gouging was
used to remove the cracks, holes and burning defects in the failure area of the die base, and then the metal oxides inside the die were cleaned with slag
removal gun. Secondly, 3D scanning technology is used to get the STL model of the die cavity after carbon arc gouging, and then the scanned model is
processed to get the NURBS surface. Then the target model that needs to be produced can be obtained through the difference Boolean operation of the
standard model and scanned model. Thirdly, the temperature distribution and stress distribution of the hot forging die in service are analyzed in CAE software.
Depending on the simulation results and experience, the target model was sliced into the transition layer and the reinforcement layer by using CAD software.
Fourthly, the self-developed path planning system that converts the path data into G-code is used to design the welding path of the transition layer using
vertical additive and the reinforcement layer using normal additive algorithm respectively. Fifth, forging die is preheated for 24 hours at the temperature of 500
. If the preheating temperature is too low, the die will crack after welding; if the temperature is too high, the grain of the base will change. Sixth, the vertical
additive algorithm is �rst used to manufacture the transition layer, and then the reinforcement layer is manufactured by using the normal additive algorithm. In
the welding process, 80%Co2+20%Ar shielding gas is used for the Fe-based alloy, and 98%Arc+2%Co2 shielding gas is used for the Co-based alloy. Seventh,
after the completion of additive manufacturing, put the mold in a heating furnace and keep it at 400  for 24 hours to fully release the welding residual stress,
then cool it with the furnace. Eighth, after the tempering is �nished, mechanical processing is performed to remove the excess material on the additive
manufacturing surface.

To test the remanufacturing method discussed in this paper, an ultra-large aviation hot forging die was selected as trail production. The size of the ultra-large
aviation hot forging die is 4020mm*1110mm*767mm, and its weight is about 25T. Normally only WAAM technology can remanufacture such a large mold.

Figure 13 shows the extraction process of a target model for an ultra-large aviation forging die, in which the scanning point cloud is processed to obtain the
scanning model, and then the scanning model is subtracted from the standard model to obtain the target model. The transition layer and the strengthening
layer has been designed in �gure 15, in which the thickness of the reinforcement layer is designed to be 5mm. The additive manufacture of the transition layer
and the reinforcement layer uses Fe-based alloy and Co-based alloy respectively.

The diameter of the solid core welding wire is 1.6mm. The designed weld width and height are about 8mm and 4mm respectively. The approximate process
parameters were obtained through the reverse solving system of the welding process parameters, and veri�ed by welding test that the process parameters
were: welding voltage: 28V, wire feeding speed :11000mm/min, welding speed: 800mm/min.

As shown in Fig. 15a, in the WAAM process, the surface of the die is insulated with thermal insulation materials, and the bottom of the die is heated by a
heating �at car, so as to ensure that the temperature of the die in the welding process is maintained at 450-500℃. The welding gun is placed vertically and
can be moved along the XYZ axis to ensure that it moves in line with the preset welding path.

As shown in Fig. 15b, there are many protruding on the surface of the die after additive remanufacturing. This is because there is a step error in the height
direction when multiple welds are joined together to form an inclined plane. Generally, the smaller the weld bead is, the smaller the step error is. The step error
can be reduced by reducing weld width and height, but the e�ciency of additive remanufacturing will be reduced. In order to ensure the e�ciency, the
machining allowance can be increased appropriately to ensure that the step error region can be removed in the machining process. As shown in Fig. 15C, by
increasing the machining allowance, a smooth and integrated cavity can be obtained although there is a step error.

4.3 Application Analysis
As shown in Fig.16, the mechanical allowance can be controlled within about 3-5mm by using automatic WAAM technology. Since the welding shape cannot
be accurately controlled by manual welding, the machining allowance is usually greater than 10mm. Compared with manual repair method, automatic WAAM
technology can save at least 50% of the material. At the same time, the machining volume is reduced, so the machining time can be reduced by approximately
50%.
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The automatic WAAM method can reduce the manufacturing cost of the die by more than 50%. There are three reasons for the increase of die life. The �rst
reason is that the welding process of robot is relatively stable compared with manual welding, so there are fewer welding defects. The second reason is that
layering design and layering additive manufacturing can take advantage of the high-temperature properties of Co-based alloy and the low-temperature
strength of Fe-based alloy.

The third reason is that robot hammering can greatly eliminate the welding residual stress, so that the residual tensile stress on the die surface is forced to
change to the residual compressive stress.

As shown in Fig.17, the forgings are made of titanium alloy and heated to 960 . The under-pressure of the forgings was analyzed by 3D scanner, and the
analysis results showed that the forgings were full in shape.

5 Conclusion
(1) Vertical additive manufacturing and normal additive manufacturing algorithms are proposed and the corresponding additive manufacturing systems are
developed, which are successfully applied in volume additive manufacturing and surfacing additive manufacturing processes. The wear resistance of Fe-
based alloy, Co-based alloy and Ni-based alloy at high and low temperatures was studied. The results showed that the wear resistance of Fe-based alloy, Co-
based alloy and Ni-based alloy at low temperature was from high to low, and that of Co-based alloy, Ni-based alloy and Fe-based alloy at high temperature
was from high to low.

(2) According to the temperature and stress difference of the die in service, the layering design strategy and material selection principle for hot forging die are
put forward in which the hot forging die is divided into three layers: base layer, transition layer and strengthening layer. Co-based material was used in the high
temperature area (strengthening layer) of the die, ordinary die steel can was used in the low temperature area(base layer), and Fe-based material should be
used in the medium temperature area(transition layer).

(3) The remanufacturing of a typical aviation super-large hot forging die proves that the algorithm and system proposed in this paper can effectively complete
the remanufacturing repair of this kind of forging die with gradient additive. On the one hand, from the service results of the repaired forging dies, the service
life of the hot forging dies repaired with gradient function additive is signi�cantly increased compared with the manual repair hot forging dies. On the other
hand, the automatic gradient remanufacturing can save the material compared with the manual remanufacturing. In addition, due to its harsh welding
environment, such as high temperature, arc light, exhaust gas, which will lead to manual repair di�culties, automatic gradient additive can signi�cantly
improve the repair e�ciency.
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Figures

Figure 1

Two strategies of additive manufacturing process. (a) VAM;(b) NAM.

Figure 2

Different �lling algorithms for crankshaft die for VAM. (a) target model and a vertical slicing section; (b) offset �lling; (c) linear �lling; (d) hybrid �lling.
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Figure 3

Path planning algorithm for normal slicing (a) additive target model; (b) normal slicing model; (c) additive path in length direction; (d) additive path in height
direction;

Figure 4

Temperature and effective stress distribution of a typical ultra-large hot forging die in service. (a) Temperature distribution; (b) effective stress

Figure 5

Three-layer design of a hot forging die

Figure 6

Wear test at elevated temperature
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Figure 7

Worn track width and depth comparison for Fe-based, Ni-based, Co-based alloy at low and high temperature under (a) 25℃; (b) 300℃; (c) 800℃

Figure 8

Structure of arti�cial neural network
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Figure 9

The correlation relationships between the experimental and BP predicted values (a) training samples(R= 0.9985, MSE=0.0205); (b) training
samples(R=0.99615, MSE=0.0687)

Figure 10

Reverse algorithm of solving process parameters

Figure 11

Weld shape. a Single weld. b Three pass weld
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Figure 12

Automatic Wire Arc Additive Manufacturing System

Figure 13

Target model extraction process of an aviation hot forging die (a) Scanning point cloud; (b) Packaged and repaired model; (c) Alignment of scan model and
standard model; (d) Target model of additive manufacturing

Figure 14

Layer design of transition layer and strengthening layer
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Figure 15

Repaired ultra-large hot forging die (a) Repairing site; (b) Repaired hot forging die;(c) Hot forging die after machining

Figure 16

Machining allowance

Figure 17

Service scene and forging measurement (a) Service scene; (b) Under-pressure analysis


