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Abstract. Two Point Incremental Forming technology (TPIF) is one
forming method of incremental sheet forming technology (ISF) which is an
innovation sheet forming process with potential advantages such as
simplicity, less-time consumption, and high flexibility. This technology
using a hemispherical-end tool under CNC movement deforms a metal
sheet which is fixed on simple frame. The sheet metal clamped between
movable plate and clamp plate, under the metal sheet has a support die
which is fixed on bottom plate. The lower plate is firmly positioned on the
CNC machine table in while upper plate (included sheet material, movable
plate and clamp plate) is able to move easily up and down along guide
bars. The sheet material is plastically deformed layer by layer until final-
shape product by CNC tool path. This technology is very suit for the rapid
prototyping process and the low batch production. In this research,
formability of the TPIF process due to operating parameters was
investigated with aluminum sheet at room temperature. Four operating
parameters such as depth step, feed rate, tool diameter, and spindle speed,
was considered their effects on the formability of TPIF process through
DOE strategy. The forming results showed that TPIF process for metal
sheet material at room temperature has potential applicability in the metal
sheet-product manufacturing.

1 INTRODUCTION

Incremental sheet forming, an invention of Leszak in 1967, sheet material (metal and
polymer sheet), has been researched the focus of many studies. This process uses a forming
tool fixed on a 3-axis CNC milling machine, is controlled by a toolpath. A material is fixed
on a simple frame by bolts, is deformed layer by layer by a head of forming tool. The
toolpath is exported from the complete geometry of the product through a traditional CAM
software. The ISF method is two kinds of Single Point Incremental Forming (SPIF) and
Two Point Incremental Forming (TPIF). TPIF and SPIF jig structure differents are a sheet
metal of TPIF can move up and down along guide bars, under sheet metal of TPIF has got a
support which is fixed died on base plate (fig.1). TPIF is an innovation sheet forming
process with potential advantages such as simplicity, less-time consumption, and high
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flexibility. This technology using a hemispherical-end tool under CNC movement deforms
a metal sheet which is fixed on simple frame (movable plate). The sheet metal clamped
between movable plate and clamp plate, under the metal sheet has a support die which is
fixed on base plate which is firmly positioned on the CNC machine table in while upper
plate (included sheet material, movable plate and clamp plate) is able to move easily up and
down along guide bars. The sheet material is plastically deformed layer by layer until final-
shape product by CNC toolpath. This technology is very suit for the rapid prototyping
process and the low batch production. A review of TPIF researches such as some topics.

H. Meier et al [8] used two industrial robots for TPIF, compared to other incremental
sheet metal forming machines, this system offers a high geometrical form flexibility
without the need of any workpiece dependent tools. This way, the surface quality improved
highly.

J. Jeswiet et al [13] compare forces in SPIF and TPIF, The forces measured in forming
cones and truncated pyramids from 3003-0 Aluminum sheet, 1.21 mm thick, the forces for
SPIF and TPIF are the same magnitude. A. Attanasio et al [14] do experiments on a car
door handle cavity for evaluating geometrical and dimensional errors, and surface finishing,
between TPIF and SPIF with the same working parameters. TPIF assures the achievement
of a better dimensional accuracy and surface finishing. Isabel Bagudanch et al [7]
investegate a truncated pyramid frustum and a circular generatrix with parameters (step
down, tool diameter, feed rate and spindle speed), PVC and PC sheet material between
TPIF and SPIF. TPIF is geometrical accuracy and reduce the effect of the springback. So,
TPIF technology is better geometrical accuracy and surface quality than SPIF.

Seyed Ali Asghar Asghari et al [9]. were optimate by grey relational analysis with
response factors (Min thickness, Springback, Surface roughness) optimize parameters were
15 mm tool nose diameter, 63° wall angle, 800 r/min spindle speed and 0.2 mm deep step
with cone shape, analyze formability of aluminum 1050 in TPIF. M. Safari [15]
investigated a complicated shape with positive and negative truncated cones, aluminum
alloy 3105, 1mm thickness by TPIF with step depth, rotational speed. An optimum
parameter combination (Negative/Positive, step depth 0.2 mm and rotational speed 1000
rpm) is obtained to get both maximum achievable outer and inner heights using signal to
noise ratio analysis. Hani Mostafanezhad et al [16] studied experimental study based on
response surface methodology (RSM) was carried out to analyze effect of wall angle, tool
nose diameter, initial sheet thickness and step down on thinning ratio and forming force
during TPIF of AA1050 truncated cone. A series of experiments was carried out based on
Box-Bhenken experimental design and mathematical models of responses are developed by
means of RSM and nalysis of variances. Response surface methodology optimal parameter
setting regarding minimum thinning ratio and forming force.

Numerical simulation, Chenhao Wang et al [17] study The enhanced Lemaitre damage
model accounting for the micro-crack closure effect is adopted to predict the fracture in
TPIF by using Abaqus/Explicit subroutine VUMAT. The material constants in the damage
model are calibrated throughout tensile tests by minimizing the force error using Newton
approach. The TPIF with a hemispherical shape using the enhanced Lemaitre CDM damage
model in FEM shows a good agreement of the thickness distribution, fracture depth and the
forming force trend compared with the corresponding experimental results. It is concluded
that the enhanced CDM-based Lemaitre model can be used for ductile fracture of AA 7075
aluminium alloy in TPIF with a hemispherical shape. R. Perez-Santiago et al [18]
investigate force is a more rigorous process parameter for validation of FEM models
qualitative trends like thickness distribution and higher forces obtained at higher AO are
correctly reproduced. Adil Shbeeb Jaber et al [19] study forming mechanism and multi
stages incremental forming.step size and forming tool radius, on the thickness distribution
and strain analyses for three stages in multi, with vertical angle.2-D model of cone shaped
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part with right forming angle with a wall angle of 60°, thickness (Imm) of the aluminum
alloy (AA1070). ANSYS 11 software is used to carry out the numerical simulation of the
multistage. The results show that, when considering multi-stage incremental sheet forming,
the task is even more difficult because the strain and thickness distribution resulting from
the first stage will influence the subsequent results. Decreasing in the forming tool radius
will increase in the thinning of the wall product due to excessive stretch will occurs, while
the incremental step size is not significant effect on the numerical results (thickness, strain)
distribution of the product. Finally, the goal to attain a vertical wall angle and equally
maintain wall thickness and strain over the wall part is pursued. Mechanical tests, computer
programming, geometry and design were required. The simulation results including the
thickness and strain distributions over the product walls throughout three stages were
concluded. Haibo Lu et al [20] study Part accuracy improvement in two point incremental
forming with a partial die using a model predictive control algorithm, a non-axisymmetric
shape, which contains both flat and curved walls, The wall angle was 40°, 35mm depth,
aluminium (AA 7075-0), 1.6 mm thickness, 20 mm tool diameter, feed rate 4000 mm/min.
The control algorithm toolpath correction in the horizontal and vertical directions through
optimising two toolpath parameters (Aw, and Au.) in two separate control modules.
Compared with the typical, TPIF process that has no toolpath correction, fairly good
improvement in geometric accuracy was achieved with the use of the toolpath correction
strategy in TPIF with a partial die while the geometric accuracy in the partial fillet areas
requires further improvement. This work provides a helpful approach to achieve in-process
toolpath control/correction in TPIF.

Xiaogiang LI et al [21] study experimental and numerical investigation on surface
quality for two-point incremental sheet. Forming with interpolator, the influences of
process variables (i.e. tool diameter, step size and thickness of interpolators) on the forming
process (e.g. surface roughness, forming force and geometric error) are investigated
through a systematic experimental approach of central composite design (CCD) in two-
point incremental sheet forming (TPIF). The increase in thickness of interpolators decreases
the surface roughness in direction vertical to the tool path while increases the surface
roughness in direction horizontal to the tool path. The combined influence between
thickness of interpolators and process parameters (tool diameter and step size) is limited.
The placement of interpolator has little influence on the effective forming force of blank.
The geometric error enlarges with the increase of step size and thickness of interpolator
while decreases firstly and then increase with an increase in tool diameter. The influencing
mechanism of the interpolator method on surface quality can be attributed to the decrease
of the contact pressure due to the increase of contact area with the unchanged contact force.

Although the research teams have studied improve surface quality, compare between
SPIF and TPIF, geometrical accuracy, response surface methodology optimal parameter
setting regarding minimum thinning ratio and forming force, numerical simulation, etc. on
TPIF, the formability of sheet material has not been investigated clearly. Therefore, this
paper will focus on the formability of sheet material such as aluminum sheet A 1050 H14.
The formability of sheet material is investigated by experiment with results towards
investigation of maximum wall angle of aluminum sheet A 1050 H14, thickness of 1.5 mm.
In this research, a step frustum cone shape with 1° for every step (investigated angle from
65° - 85°) is used to investigate formability of the TPIF process due to operating parameters
was investigated with aluminum sheet at room temperature. This investigated shape is a
new model in study on the formability by TPIF technology. It has never been used the last
researches. Four operating parameters such as spindle speed, depth step, feed rate, tool
diameter were considered their effects on the formability of TPIF process through DOE
strategy. The forming results showed that TPIF process for metal sheet material at room
temperature has potential applicability in the metal sheet-product manufacturing.
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2 EXPERIMENTAL EQUIPMENTS

In this study, the jig/fixture for TPIF process is designed to form aluminum sheet at room
temperature. The jig/fixture system consists of four guide bars which fix die on a base plate.
A support die is fixed on a base plate by four bolts. Four Linear Bushings are fixed die on a
movable plate; the group (linear bushing, movable plate) fix on guide bars with linear
bushing and can move up and down along guide bars. Between a movable plate and a
clamp plate, there is a sheet material is clamped by eight bolts (figure 1). Dimensions of the
metal sheet are 400 x 400 mm? and 1.5 thickness. The jig/fixture is clamped on the CNC
milling machine table (Figure 2). The forming tool has a hemispherical-end shape with
diameter equal to 6 mm, 12 mm, 18 mm which is always pressed into the metal sheet
surface to create a locally plastic deformation. In this system, the forming tool is designed
with enough length to form complete product. It is made from steel round bar and steel ball
was welded on the top of the bar to ensure good hardness and wear resistance (Figure 3).
The forming tool is checked inversion (figure 4). Mixed lubrication is solid graphite
powder and Lithium grease with scale 1:1 and lubrication oil (multi 20W-50) to create
linked mixed lubrication, it is used in the experiments to reduce the contact friction between
the forming tool and the metal sheet surface.

Base Plate” Support

Fig. 1. CAD model of Jig and fixture system for Fig.2 Practical model of Jig and

fixture system for TPISF process. TPIF process.

—— ——
—_——

Fig.3 Forming tool in the experimental work. Fig.4 The forming tool is checked inversion

3 EXPERIMENTAL DESIGN
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The experiments are performed with a step frustum cone shaped product (Figure 5), which
has a step frustum cone to realize the influence of the processing parameters on the
formability of aluminum sheet A 1050 H14 at room temperature. The product profile with a
step frustum cone shaped enables the investigation of all the from 65° to 85° (Fig. 6). The
slope of the profile increases with its height, the analyzed region is limited to an angle less
than 85°. An experimental strategy is planned based on the DOE approach to determine the
influence of the processing parameters on the formability of aluminum sheet at room

temperature.
—-—+=—20.00
i r ™
h
6.00
1
! ! -
i
- 88.31 -
Fig.5 CAD model Fig.6 Profile of a shape cone model.

The forming parameters such as depth step (Az), feed rate (V-xy), tool diameter (D),
and spindle speed (n) are chosen to investigate formability of metal sheets based on
previous studies [7]. The Box-Behnken, 5 center points design was applied. Minitab 19
software was used based on the selected factors and values in Table 1. A design matrix with
29 experimental runs was generated. Response parameter is maximum wall angles.

Table 1. Processing parameters for experimental design.

Range of values

Experiment Svm L.
No | al b}(/)y Unit | Low el High
parameters level | ™ | level
level

1 | Depth step Az | mm 0.1 0.8 1.5

mm/
2 | Feed rate Vxy | minu | 300 900 1500
te
Fig.7 Measurement of 3 Tool D | mm 6 12 18
mechanical failure height. dla'meter
4 | Spindle n |pm | 300 | 1050 | 1800
speed
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4 RESULTS AND DISCUSSION

The deformation ability of sheet material is measured by wall angle (0). The higher wall
angle is, the greater formability of sheet metal is. The wall angle is measured continuously
through the height (h) of the mechanical failures from head of a step frustum cone to
mechanical failures on the product (Figure 7). This values are converted into maximum
wall angles and insert into the design matrix. According to the experiment results, the
roughness of the surface in direct contact with the forming tool is smaller than the other
surface. Due to many different factors such as lubrication conditions, contacting condition,
machine parameters, etc. Therefore, these parameters are controlled to increase surface
quality.

Using the Minitab 19 software and the experimental data, we have the ANOVA for
response as Table 2. The p-value is less than 0.05, model is suitable statistically significant.
The analysis of variance (ANOVA) shows that the percent influence of parameters and the
interaction parameters to the effects on formability of sheet metal. Percent contribution of
total variance such as depth step (A) 22.46%, feed rate (B) 18.59%, tool diameter (C)
26.77%, spindle speed (D) 0.19%, AA 22.63%, AC 5.02%, BC 0.56%. The coefficient of
determination for regression analysis (R-squared (R2)) is 0.9625 is the goodness-of-fit of
the model to the experimental data. It is very close to 1, and obtain 96.25% of the total
variance.

Table 2. The Analysis of Variance (ANOVA)

Source |DF| Adj SS F- P-| 9
Adj MS| Value| Value
Model | 8|43.1462[ 5.3933| 64.15| 0.000| 96.25| |
zZ 1] 10.0833| 10.0833| 119.94| 0.000| 22.46
V-xy | 1| 8.3333| 8.3333| 99.13| 0.000| 18.59
n 1| 0.0833| 0.0833] 0.99( 0.331] 0.19
D 1| 12.0000{ 12.0000| 142.74{ 0.000| 26.77
7%z 1] 10.1462| 10.1462( 120.69| 0.000| 22.63
Fig. 8 The Products by TPIF
z*D 1| 2.2500[ 2.2500| 26.76( 0.000] 5.02 Technology.
Error | 20| 1.6814{ 0.0841| . - 3.75
Total | 28| 44.8276| - - -
S R-sq R-sq(adj) R-sq(pred)
0.289946 96.25% 94.75% 88.96%

Regression models for most significant parameters on responses presenting a
relationship among processing parameters and their interactions are shown below

a=  79.170 + 7.374 z + 0.000556 V-xy + 0.000111 n - 0.0863 D - 2.451 z*z +
0.000000 z*V-xy- 0.1786 z*D + 0.000069 V-xy*D

According to correlation equation, it shows that tool diameter (D) is inversely
proportional to the wall angle. The wall angle is proportional to depth step (Az) and feed
rate (V-xy).

The result of numerical optimization with maximum wall angle is 84.3625 degree.
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Pareto Chart of the Standardized Effects

(response is goc, a = 0.05)

Factor Name
z
V-xy
n

D

oOnN @ >

0 2 4 6 8 10 12
Standardized Effect

Fig. 9 Pareto Chart for wall angle.

According to Pareto chart for wall angle (Figure 9), it shows that important factors in
descending order as tool diameter (D), depth step interactive to depth step (z*z), depth step
(z), and feed rate (Vxy).

5 CONCLUSIONS

The Jig and fixture system for TPISF process is designed to fix aluminum sheet A 1050
H14, 1.5 mm thickness for investigating the influences of processing parameters on
formability, surface quality at room temperature.

The maximum wall angle (84°) achieved in TPIF with aluminum sheet A 1050 H14, 1.5
mm thickness at room temperature.

According to the response wall angle analysis, the predicted result of the model is
reasonable alignment with the observations taken from the experiments. Thus, the
established model can be utilized to estimate the wall angle in TPIF process with 96.25 %
confidence within the range of investigated machining conditions.

Optimized maximum wall angle is 84.3625 degree.

The percentage error between the experimental and predicted values of the minimum
wall angle is 3.75%, and is found to be insignificant.

Reduce friction between the tool and the sheet metal by good lubrication to have the
surface quality. The roughness of the surface in direct contact with the forming tool is
smaller than the other surface.

This research is supported by Key Laboratory of Digital Control and System Engineering
(DCSELAB), HCMUT, VNU-HCM under grant number TX2020-20b-01.
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Abstract. TPIF (Two point incremental forming) technology is a flexible forming technology in
production, It is suitable in small batches with high economic efficiency (cheap, low production time,
hight quality, and etc.). This study shows a simulation method to determine the deformability of
aluminum sheet A 1050 H14, 1.5 mm thickness at room temperature by TPIF technology with
influence of machining parameters such as depth step, feedrate, tool diameter, and spindle speed.
Abaqus software is used to carry out the numerical simulation of building finite element modeling,
analyzing model in TPIF process. The result shows that maximum forming angle was achieved in this
process. According to simulation results, we can predict deformability of aluminum sheet and put it
into practice production.

Keywords: TPIF, finite element method, formability, wall angle, abaqus software.

1. Introduction

TPIF is one of incremental sheet forming technology. It is very flexible to change size, shape,
and model product. This process uses a forming tool to deform layer by layer of sheet metal until
final-shape product through CNC tool path. The sheet metal is clamped on Jig and fixture system
and move down along guide bars with the forming tool (Fig.1). A review of numerical simulation
studys for TPIF process such as.

Base Plate Support

Fig.1. CAD model of Jig and fixture system for TPIF process

R. Perez-Santiago et al. [1] investigate force is a more rigorous process parameter for
validation of FEM models qualitative trends like thickness distribution and higher forces obtained at
higher A0 are correctly reproduced. Adil Shbeeb Jaber et al [2] study forming mechanism and multi
stages incremental forming. Step size and forming tool radius, on the thickness distribution and
strain analyses for three stages in multi, with vertical angle. 2-D model of cone shaped part with
right forming angle with a wall angle of 60°, thickness (1 mm) of the aluminum alloy (AA1070).
ANSYS 11 software is used to carry out the numerical simulation of the multi stage. The results
show that, when considering multi-stage incremental sheet forming, the task is even more difficult
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because the strain and thickness distribution resulting from the first stage will influence the
subsequent results. Decreasing in the forming tool radius will increase in the thinning of the wall
product due to excessive stretch will occurs, while the incremental step size is not significant effect
on the numerical results (thickness, strain) distribution of the product. Finally, the goal to attain a
vertical wall angle and equally maintain wall thickness and strain over the wall part is pursued.
Mechanical tests, computer programming, geometry and design were required. The simulation
results including the thickness and strain distributions over the product walls throughout three
stages were concluded.

Although there are a lot of numerical simulation studys for TPIF process, numerical
simulation for the formability of sheet material in TPIF process has not been studied clearly.
Therefore, this paper focuses to simulate on the formability of aluminum sheet A 1050 H14,
thickness of 1.5 mm. A step frustum cone shape with 1° for every step (investigated angle from 65°-
85°) is used to investigate formability of the TPIF process. This investigated shape is a new model
in study on the formability by TPIF technology. It has never been used the last researches. Spindle
speed, depth step, feedrate, and tool diameter are main operating parameters which effect on the
formability of TPIF process. The formability of aluminum in TPIF process was predicted by
Abaqus software. This result has potential applicability in the metal sheet-product manufacturing.
The present study aims at fracture prediction in a TPIF process throught Abaqus software.

2. Mechanical properties of aluminum sheet A 1050 H14

In this study, sheet material is aluminum sheet A 1050 H14, 1.5 mm thickness with physical
properties as Table. 1; True stress-strain curves as Fig.2.

Table 1. Physical properties of aluminum sheet A 1050 H14

Density 2.71 g/cm?
Thermal Expansion 24x10°K?
Thermal conductivity, room temperature 222 WImK
Electrical resistivity, room temperature 0.0282x10° Q.m
Poisson's ratio 0.33

Tensile strength 131.74 MPa
Proof Stress 85 Min MPa
Elongation (¢) 16 %

Elastic Modulus 68.916 Mpa

Stress (MPa)
2 = 8 & =
g 8 8 8 8

.
=

o
S

Fig.2. True stress-strain curves of aluminum sheet A 1050 H14 [4]
3. CAD model for deformability investigate

The deformability of aluminum sheet is determined by the maximum wall angle (amax) which
the product begins to happen mechanical failures. Maximum wall angle is measured by measuring
minimum height from head of product to any mechanical failure and convert to wall angle. A step
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frustum cone shaped (Fig.4) is built to investigate forming angle from 65° to 85° to reduce
simulation run time. CAD model is designed on Creo 6.0 software with dimensions as Fig.3. The
size of aluminum sheet A 1050 H14 is 300x300x1.5 mm.

— 20.00 |=—
) 5

Fig.3. The size of the CAD model  Fig.4. The 3D- CAD model
4. Finite element model of TPIF process
4.1. Select the influence parameters

Arcooding to previous studies, the forming parameters is chosen to investigate formability of
metal sheets as depth step (Az), feed rate (Vxy), tool diameter (D), and spindle speed (n) with level as
table 2. The study focused on simulation of four parameters affecting the deformability by TPIF
technology.

4.2. Building analysis model in Abaqus software
Create and assemble the model (module part and module assembly)

A material Sheet element is created in a 3D environment, deformation type with size
300%300x1.5 mm (Fig.6a). Forming tool (Fig.6¢c) and support element (Fig.6b) are defined as
analytical rigid.

Origin of coordinates is created on the material sheet center. The point of the tool is on the
coordinates (0; -15.12; 0). The bottom of the material sheet is contact with the support and the top
of the material sheet is contact with the end of forming tool. Created model shows Fig.5.

P e e e - P W ——
‘Emin - MR B - . T T 'O 22 N -
™ " LI P

Fig.5. Simulation model
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Fig.6. a. Sheet material; b. Support; c. The end of forming tool

Create simulation material of aluminum sheet

The Property module is used to create the material and define its properties. The material
properties are selected in the general, mechanical, thermal and other tabs. The other hand, the
material density parameters, elastic modulus, Poisson's ratio, thermal expansion, plastic, ductile
damage, specific heat, and etc. are added.

Condition of contact (module interaction)

Interaction property between material sheet and the support is tangential behavior. In the
experimental models, mixed lubricant is used to reduce friction. So, the coefficient of friction
between the material sheet and the end of forming tool was chosen to be 0.1 [3].

Boundary condition of the support element

The support element is fixed in space (limited to 6 degrees of freedom). We select
Symmetry/Antisymmetry/Encastre.

Boundary condition of material sheet

Four sides of the material sheet are fixed on a movable plate by a clamped plate and bolts, it
can move up and down along guide bars. It also are selected the Symmetry/Antisymmetry/Encastre

type.
Boundary condition of tool
A forming tool allows to move in the direction X, y, z in tool trajectory (acoording to helical

run tool data) in time step t. Using module Amplitudes to enter coordinates in three directions X, vy,
z and time step t.

Meshing (module mesh)

The deformation elements are meshed. The rigid elements are not meshed in Abaqus
software. Select the mesh type in tab Element type. Type C3D6T is selected (Fig.7) (C3D6T:A 6-
node thermally coupled triangular prism, linear displacement and temperature).

Fig.7. The mesh model
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Analytical step (module Step)

Selecting type step is Dynamic, Temp-disp, Explicit to see the effects of temperature. Pay
particular attention to time period parameters. That is the total running time of the forming tool is equal
to the time of the last step. This is not the time the computer processes but the total time of the steps.

¢ _ Length of trajectory
total = The velocity of the tool
B EI}‘(\/(XM — %)% + (Vis1 —yi)? + (Ziz1 — 21)?)
= Vey

Create a job analysis and analysis (module job)

Analytical work done in job module includes analysis and view the analysis process. The
analysis process is managed and monitored in the job monitor dialog box.

Total time and step time coincide with the time step in amplitude. The CPU time is the real
time that the computer takes to calculate.

5. Results and discussion
TPIF process was simulated with obtained results as follows.

The value of simulation with the parameters as Table 2. The results show Fig.8.

Table 2. The influent parameters

No. Influent parameters (Input | Sign Unit Value a (%)
parameter)
1 Depth step Az mm 0.8 82°
2 Feedrate Vyy mm/min 900
3 Tool diameter D mm 18
4 Spindle speed n rpm 1800

S, Mises
(Avg: 75%)
+1.099e-+08
+1.009e+08
+9.187e+07
+8.2850+07
+7.383e+07
- +6.481e+07
+5.579%+07

Increme 3058283: Step Time = 2000
Primary Var: S, Mises

Fig.8. The product after simulated forming

ODB: stt18.0db  Abaqus/Explicit 3SDEXPERIENCE R2017x Thu Sep 17 15:56: 1
Step: Step-2 £
Increment 23058283: Step Time = 2000,

Primary Var: S, Mises

Fig.9. Location of torn sheet
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S, Mises
(Avg: 75%)

- +1.09%e+08
+1.009e+08
+9.187e+07

+ +1.068e+07
- +1.656e+06

w
z 7N\
ODB: stt18.odb Abaqus/Explicit 3SDEXPERIENCE R2017x Thu Sep 17 15:56:16 SE Asia Standard Time 2020

Fig.10. The section of the broken sheet

[x1.E9]
0.12F 7

s A L L
1.0 1.5 2.0 2.5 [x1.E3]
Time

Fig.11. Stress at the torn sheet position

According to the stress diagram (Fig.11) of the case being analyzed, the stress exceeds
114.439 Mpa at time t = 2000. The corresponding heighth of position is -106.752 mm (Fig.12). We
convert the forming angle 82°.

4 Edit Amplitude X

Name: Amp-z

Type: Smooth step

Time span:  Step time ™

Time/Frequency Amplitude A
5698 1998.4/ -10b.688
5699 1998.89 -106.704
5700 1999.31 -106.72
5701 1999.73 -106.736
5702 2000.15 -106.752
5703 2000.57 -106.768
5704 2000.99 -106.784
5705 2001.41 -106.8
5706 2001.81 -106.815
5707 2002.22 -106.831
5708 2002.64 -106.847
5709 2003.06 -106.863 <
oK Cancel

Fig.12. Heighth of torn sheet position is -106.752 mm
6. Conclusion

The step frustum cone profile was successfull simulated in TPIF. The nodal displacement
values obtained was according to the tool path defined. The wall thickness prediction and the
thickness distribution of simulation agrees very well with the sine law. The simulation results
showed the forming angle. The simulated profile is the same CAD profile. We can possible to
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perform TPIF process simulation before putting it into practice, it helps save the testing and
machining cost, time, and etc.
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Abstract. Two Point Incremental Forming (TPIF) technology is very flexible
forming technology, cost-effective, and potential advantages (high flexibility,
simplicity, less-time consumption). This technology uses a hemispherical-end
tool controlled by CNC milling machine to deform a metal sheet which is fixed
on the jig/fixture. The jig/fixture is firmly positioned on the CNC milling
machine table which includes clamped plate, movable plate base plate and semi-
support. The metal sheet material is clamped between movable plate and clamp
plate by 8 bolts and can move down along 4 guide bars. The sheet material is
deformed layer by layer by the hemispherical-end tool following CNC tool path.
This paper aims influence of machining parameters on the formability of alu-
minum sheet at room temperature which is deformed by TPIF technology. The
investigated parameters are depth step, feed rate, tool diameter, and spindle
speed through Design of Experiment (DOE). The formability has been known
the ability of metal sheet to deform until happen failure through the achieved
forming angle.

Keywords: Incremental sheet forming - TPIF - Formability - Maximum
forming angle - Metal sheet material - Design of Experiment

1 Introduction

Incremental sheet forming technology is invented by Leszak in 1967 [1]. After that, it
is researched by many studying groups. ISF technology uses a head forming tool
deform a sheet material layer by layer to complete product. The forming tool is con-
trolled by a toolpath which is exported from Creo 6.0 software. A sheet material is
fixed on a simple frame which is fixed on the table of 3-axis CNC milling machine.
The ISF has got two sorts of Single Point Incremetal Forming (SPIF) and TPIF.
The TPIF technology is moldless machining technology with many advantages (high
flexibility, simplicity, less-time consumption, and etc.). It uses more and more in the

other countries. A review of TPIF studies such as.
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Attanasio [4] do experiments on a car door handle cavity for evaluating geometrical
and dimensional errors, and surface finishing, between TPIF and SPIF with the same
working parameters. TPIF assures the achievement of a better dimensional accuracy
and surface finishing.

Hani Mostafanezhad [2] studied experimental study based on response surface
methodology (RSM) was carried out to analyze effect of wall angle, tool nose diameter,
initial sheet thickness and step down on thinning ratio and forming force during TPIF
of AA1050 truncated cone. A series of experiments was carried out based on Box-
Bhenken experimental design and mathematical models of responses are developed by
means of RSM and analysis of variances. Response surface methodology, optimal
parameter setting regarding minimum thinning ratio and forming force. Asghari [3]
were optimate by grey relational analysis with response factors (min thickness,
springback, surface roughness) optimize parameters were 15 mm tool nose diameter,
63° wall angle, 800 r/min spindle speed and 0.2 mm deep step with cone shape,
analyze formability of aluminum 1050 in TPIF.

Although there are a lot of teams study geometrical accuracy, surface quality,
compare forces in SPIF and TPIF, and etc. on TPIF, the studys of sheet material
formability have not been investigated clearly. This research uses a step frustum cone
shape (every step with 1°) (Fig. 3) to investigate influence of machining parameters on
formability of aluminum sheet at room temperature by TPIF technology. Survey lim-
ited angle is from 65°-85°. This investigated model is a new model in study influence
of machining parameters on the formability by TPIF technology which it has never
been used the last researches. The machining parameters are considered their effects on
the formability (depth step, feedrate, tool diameter, and spindle speed) through DOE
strategy. The achieved results show that it can put into practice in production.

2 Experimental Equipment

In this equipment, a sheet material with dimension of 400 x 400 mm? 1.5 mm in
thickness is fixed between movable plate and clamp plate by 8 bolts and can move
down along 4 guide bars on the jig/fixture. The jig/fixture (Fig. 1) is firmly positioned
on the CNC milling machine table. The sheet material is deformed layer by layer by the
hemispherical-end tool with 6 mm, 12 mm, 18 mm diameter following CNC tool path.
The end of a round steel bar and a steel ball (good hardness and wear resistance) are
welded with each other to create the forming tool (Fig. 3). The forming tool is checked
inversion. Solid graphite powder and lithium grease with scale 1:1 and lubrication oil
(multi 20W-50) are mixed each other to create a mixed lubrication (Fig. 2).
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Base Plate/

Fig. 1. Jig and fixture system

Support

Fig. 2. Experiment system for TPISF Fig. 3. Forming too
process

3 Experimental Design

A step frustum cone shaped (Fig. 4) is built to investigate forming angle from 65° to
85°. Formed product is investigated about maximum wall angle through DOE to
determine the influence of the machining parameters on the TPIF formability for



Influence of Machining Parameters on the TPIF Formability 241

aluminum sheet at room temperature. The Box-Behnken experiment mode is used 4
factors, 5 center points, 29 base runs (Table 2), with factor level (Table 1). Response
parameter of DOE is the maximum wall angle in the experiments. The formed products
are measured height from head of product to any mechanical failure (Fig. 6). Every
height value is converted into a wall angle and inserted into the design matrix (Fig. 5).

:]?OW[*

Fig. 4. A (a) CAD model of forming product, (b) Geometric profile of forming product.

Table 1. Machining parameters for experimental design

No | Machining parameters | Unit Range of values
Low level | High level
1 | Depth step (z) mm 0,1 1.5
2 | Feed rate (Vyy) mm/minute | 300 1500
3 | Tool diameter (D) mm 6 18
4 | Spindle speed (n) rpm 300 1800

Fig. 5. The formed products Fig. 6. Measuring the forming
height
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Table 2. Design of experiments and results for forming angle

Run|z |V |n D | Wall angle (degree) o
1 0.8 900| 1050|1282
2 0.8 1500 | 30012 83
3 0.8 900|1800 1881
4 1.5/ 900 | 300|12|82
5 0.1 900| 300 12|80
6 0.8 300|1050 |18 |80
7 0.8 900| 1050|1282
8 0.8 900| 1050|1282
9 0.8 900|1050 12|82
10 | 1.5 300|1050 12|81
11 10.8| 900|1050| 12|82
12 10.8| 300| 300 12|81
13 0.8/1500| 180012 83
14 10.1| 900|1050 |18 |80
15 10.8| 300(1050| 6|83
16 0.8 900| 300| 683
17 10.8|1500|1050| 6|84
18 0.8 900| 3001881
19 |1.5| 9001050 |18 |80
20 [1.5]/1500| 1050 1283
21 [0.8] 900|1800, 683
22 [0.8] 300|1800| 12|82
23 [0.1]/1500|1050 12|81
24 [0.1| 9001800 12|80
25 [1.5] 9000|1050, 683
26 [0.8]1500|1050| 18|82
27 (0.1 900|1050| 6|80
28 [0.1| 300|1050 1279
29 [1.5] 9001800 | 12|82

4 Results and Discussion

The model summary (Table 3), the experiments model is 96.25% obtain statistically
significant data. According to Table 3, we can analyze the effect of machining
parameters on formability of aluminum sheet at room temperature. A relationship
among machining parameters and response.

o =79.17 + 7.374z + 0.000556 V,, + 0.000111n - 0.0863D - 2.451 7 -
0.1786zD + 0.000069 V,, D.

A relationship among processing parameters and response, it shows that the
formability is proportional to feed rate (Vy), spindle speed (n), and inverse proportion
to tool diameter (D).
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These machining parameters are effect on formability and product quality. So we
can optimizing to have good results. In this experiment, optimized machining
parameters are depth step 1.29 (mm), feed rate 1500 (mm/minute), tool diameter 6
(mm), spindle speed 1800 (rpm).

According to the analysis of variance (ANOVA) result (Table 3), we can see the
percent influence of parameters and the interaction parameters such as depth step
(z) 22.49%, feed rate (V,,) 18.59%, tool diameter (D) 26.77%, spindle speed
(n) 0.19%, interaction parameter z * z 22.63%, interaction parameter zD 5.02%,
interaction parameter Vy, D 0.56% (Fig. 7).

Table 3. Analysis of variance (ANOVA)
Source | DF Adj SS |AdjMS |F-Value P-Value

Model 8 43.1462 | 5.3933 64.15 |0.000
Z 1 10.0833 | 10.0833 119.94 |0.000
Viy 1 8.3333 | 8.3333 99.13 | 0.000
n 1 0.0833 | 0.0833 0.99 |0.331
D 1 12.0000 |12.0000 | 142.74 |0.000
7%z 1 10.1462 |10.1462 | 120.69 |0.000
z*D 1 2.2500 | 2.2500 26.76 | 0.000
Error 20 1.6814 | 0.0841

Total 28 44.8276

S R-sq R-sq(adj) | R-sq(pred)

0.289946 | 96.25% | 94.75% | 88.96%

Main Effects Plot for o
Fitted Means
Vo 0 o

Mean of a.

5 s 1000 o s W s s

Fig. 7. Main effects

Through residual analysis (Fig. 8) carried out a model adequacy examination.
Experimental data are the same with the predicted results of the constructed model.
Figure 9 shows all residual plots for formability. Figure 8 (normal probability plot)
shows the residuals concentrate in a straight line approximately. So, the error distri-
bution is normal, the observed results are the same predicted results. The plot of the
residual versus fitted values show Fig. 8 (versus fits), a confidence interval with 95%
for all values. In Fig. 8 (histogram), the histogram of residuals is distributed normally.
In Fig. 8 (versus order), the residuals are independent. According to the analysis of
residuals, the constructed model is suitable for predicting formability, and all residuals
are falling within control limits.
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Residual Plots for o
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Fig. 8. Residual Plots for o

The interactive influences of independent parameters on formability show the 3D
surface plot of formability (Fig. 9). It base on a relationship among machining
parameters and responses. These graphs show change of two factors. The roughness of
the surface exposed to the forming tool is smaller than the other surface, due to many
different reasons such as contact conditions, lubrication and machine parameters.
Therefore, we can control the best surface quality.

Surface Plotof avsn, z Surface Plot of a vs V-xy, z

o3 0

1

.
o s

Surface Plot of a vs n, V-xy

Fig. 9. Surface Plot of o vs n, z; o vs VXy,z; o vs

Surface Plot of a vs V-xy, D

Motd Vatues

: os
1050

n, Vxy; o vs Vxy, D
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5 Conclusion

In order to have good results, the jig and fixture system for TPIF process is important to
reach good results. It is designed very stable to create some results as follows.

According to the analysis results, the experiments model is 96.25% with investi-
gated machining conditions.

The percent influence of parameters and the interaction parameters such as depth
step (z) 22.49%, feed rate (V) 18.59%, tool diameter (D) 26.77%, spindle speed
(n) 0.19%, interaction parameter zz 22.63%, interaction parameter zD 5.02%, inter-
action parameter V4D 0.56%.

The formability is proportional to feedrate (Vy), spindle speed (n), and inverse
proportion to tool diameter (D).

Optimized machining parameters are depth step 1.29 (mm), feed rate 1500
(mm/minute), tool diameter 6 (mm), spindle speed 1800 (rpm) to obtain maximum
formability oo = 84.36° by TPIF technology for aluminum sheet A1050 H14, 1.5 mm
thickness at room temperature.

Lubrication is an important factor to obtain high quality of product surface. The
surface roughness exposed to the forming tool is smaller than the other surface.
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System Engineering (DCSELAB), HCMUT, VNU-HCM under grant number TX2020-20b-01.
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Abstract. Facing a complex competition on a global manufacturing market, the
companies always change the sharp and size of the products and reducing the
designing and development of the products. The manufacturers have been
looking for new technologies which are able to response the best customer
exigency. These technologies must flexible, simple, inexpensive process, spe-
cially, not much time for product design and development. The incremental
sheet forming technology has emerged as the best choice for those requirements.
Particularly, Two Point Incremental Forming process (TPIF) is method of
incremental sheet forming, which was shown the higher geometric accuracy and
deformation. This technology is flexible, low cost, economic efficiency which
uses the movement of CNC machine tool to form sheet material by layer to layer
to the final product shape. The sheet material is clamped firmly on the jig/fixture
which can move down along guide bars. The jig/fixture is fixed on the CNC
milling machine table. During TPIF processing, the ball end of forming tool
always contacts with the metal sheet to deform it following the CNC tool path.
The product surface quality will be affected by this contact between metal sheet
and tool surface through deformed process. It is also the main cause of wearing
the top of forming tool which results on the inaccuracy of a geometric product
shape and poor surface quality. This paper focuses on using the kind of lubri-
cants and the lubricating way for TPIF process by investigating the four
lubricants such as solid graphite powder, lubrication oil (Gear VG 150 EP),
lithium grease, and mixed lubrication. The mixed lubrication is included such as
solid graphite powder, lubrication oil, lithium grease with different percentages
which helps reducing the contacting friction and improving the surface quality.
The influents of machining parameters and their mechanism on the surface
quality are analyzed in this study through investigations with TPIF technology
for aluminum sheet at room temperature.

Keywords: Lubrication - Two Point Incremental Forming - Roughness
surface - deformed profile
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1 Introduction

Beside forming parameters, machine, toolpath strategy and geometry influence final
surface quality of product. Suitable lubricant is also an important factor. It helps
improve surface quality of product, reduces forming forces and prevents wear of the
end forming tool. Thus, we can overview some studies following.

Diabb et al. [1] study vegetable oil nano lubricants and wear in SPIF process.
Sunflower and cornoils, added with 0.0125, 0.025, 0.05 and 0.1 wt% of SiO,
nanoparticles was used to lubricate 6061 aluminum sheet alloys in SPIF process. The
6061 aluminum sheet surface wears asignificant and reduces when 0.025 wt% of SiO,
nanoparticles areadded into the vegetable oils. Sornsuwit et al. [2] study lubricants and
material properties on formability in SPIF process. Surface roughness of SUS 304 and
SUS 316L is low with air blowing as lubricant. Surface roughness of TiGr; is low with
MoS, lubricant. Jawale et al. [3] study lubrication study for SPIF of copper. This study
result, the mineral oil is used to lubricate. It is an economical and optimal choice for
incremental forming of copper and having a significant and positive effect on surface
finish. It can also be concluded that the lubrication conditions, in the case of copper, do
not affect the formability. Shisode et al. [4] study mixed lubrication for forming of
sheet metal. A mixed lubrication was used to determine friction coefficient. It based on
local contact conditions and resulting tribological system. The boundary friction direct
affects to the measured tool and workpiece surface. The Reynolds equation was used to
account the roughness effects. On the other hand, FE software was used to simulate the
coupled friction model (boundary friction and the hydrodynamic friction model).
Simulation results is clearly showed.

Generally, all studies focused on lubricants suitable for SPIF. In this study, solid
graphite powder, lubrication oil (Gear VG 150 EP), lithium grease, and mixed lubri-
cation were studied with lubricating way forming tool submergedinthe, effect of
lubrication on deforming the aluminum sheet with two points incremental forming
techonology. We will chose lubricants suitable from four lubrications for aluminum
sheet with two points incremental forming techonology to obtain the best product
surface quality through investigations a frustum cone shaped with TPIF technology for
aluminum sheet at room temperature.

2 Experimental Equipment

Experimental equipments incluse a 3 axis CNC milling machine, a Jig and fixture
system for TPISF process (Fig. 2), a forming tool (Fig. 1) a ball ended forming tool
with 12 mm of diameter and etc. A sheet material is a Aluminum sheet A1050 H14
with 400 x 400 mm? dimension, 1.5 mm thickness. A sheet material is clamped
between movable plate and clamp plate by bolts and move along guide bars. The Jig
and fixture system is clamped on the CNC milling machine table (Fig. 3).
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[ —

Fig.1. Forming tool

7 Movable Plate

Clamp Plate

Base Plate” l\w

Fig. 2. CAD model of Jig and fixture system for TPISF Fig. 3. Practical model of
process Jig and fixture system for

TPISF process

3 Experimental Design

A frustum cone shaped (Fig. 4) is built for experiments. Formed products are inves-
tigated about surface roughness and profile through experiments to determine the
influence of lubrication on surface roughness and profile with the TPIF for aluminum
sheet at room temperature. Experimental parameters, lubricant and lubricating way
were chosen as Table 1 (Fig. 5).

- 90.00 -

Fig. 4. Mode CAD of a cone shaped Fig. 5. Profile of frustum cone shape
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4 Results and Discussion

4.1 Surface Roughness

Surface quality is characterized by surface roughness. From the measured results, the
roughness of the surface exposed to the forming tool is smaller than the other surface,
due to many different reasons such as contact conditions, lubrication and machine
parameters. Therefore, we can control the best surface quality (Figs. 6, 7 and 8).

b

d

Fig. 6. Lubrication for TPIF by oil (a), mixed lubrication (b), lithium grease (c), and solid
graphite powder solid graphite powder (d)

Table 1. Machining parameters for experimental design, lubricant, and application method.

No | Lubrication Experimental parameters Outer
Lubricant Application Depth Feed rate Tool Spindle | surface
method step (Vxy) mm/minute | diameter | speed roughness
(Az) mm (D) mm | (n) rpm | (nm)
1 | Solid graphite | Tool 0.2 800 12 1000 3.82
powder submerged in
the lubricant
2 | Lubrication oil | Tool 0.2 800 12 1000 0.95
(Gear VG 150 | submerged in
EP) the lubricant
3 | Lithium grease | Tool 0.2 800 12 1000 1.94
submerged in
the lubricant
4 | Mixed Tool 0.2 800 12 1000 0.94
lubrication submerged in
the lubricant
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Fig. 7. Products by TPIF. (a: mixed lubrication, b: lithium grease, c: oil lubrication, d: solid
graphite powder solid graphite powder)

Fig. 8. Measuring outer surface roughness of a frustum cone product by surface roughness
measuring machine

outer surface roughnes (um)

4 ~
’E 3.5 1
= 3
]
€ 2.5 1
®
3 2 B Mixed lubrication
S
g 1.5 1 0 ® Lubrication oil
(©
1 9 —_
§ ¥ Lithium grease
0.5 1
" m Solid graphite powder

Lubrication

Fig. 9. Outer surface roughnes (um) with four lubrications

Table 1 shows the product surface roughness of four lubricats with the same
lubricating way and experimental parameters. Lubrication help reduces surface rough-
ness. However, product surface roughness is different, it is up to very lubrication. The
graph (Fig. 9) shows that lubrication with mixed lubrication is the lowest surface
roughness conditions and lubrication with solid graphite powder is the highest surface
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roughness. Oil lubrication and mixed lubrication are the same the product surface
roughness. On the other hand, heating exchange of oil lubrication is very good due to the
liquid, so product surface is very smooth and bright (Fig. 10b). Solid graphite powder
lubrication, the first, product surface roughness is smooth; after that product surface
roughness increases roughened up due to friction and heat increases (Fig. 10 a). Solid
graphite powder lubrication is solid condition, so heating exchange of it is very bad.

b

Fig. 10. a. Solid graphite powder lubrication product, b. oil lubrication product.

4.2 Profile deviation

The products are measured by coordinate measuring machine (CMM) with an accuracy
of 2 um and a probe diameter of 3 mm (Fig. 11). A conical cone profile are rebuilt by
the profile measured data. The profiles is presented on the same graph (Figs. 12 and 13).

Fig. 11. Coordinate measuring machine

i Table 2. The thickness distribution
/ \\ No Thickness (mm)
) N B 1 0.512
2 0.505
\" 3 0.51

CAD profile 4 0511

5 0.507

Product profile with lithium grease lubricantion Average 0.509

product profile with mixed lubricantion
Product profile with oil lubrication

Product profile with solid graphite powder

Fig. 12. Compare CAD and product profile.
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- 2000 =
oil lubricant |
15,00
mixed lubricant 15:00
grease lubricant 15:00
graphic lubricant o 1 5:00

Fig. 13. Integrated lubricants on a frustum cone product

According to graph (Fig. 12). It shows that CAD profile and the experimental
profiles obtained from several lubrications is near the same. We said that lubricats is
near no significant effect on product profiles.

4.3 Thickness distribution.

A frustum cone mode was chosen with tilt angle 70° (Fig. 14 b) to investigate thickness
distribution. The thickness distribution is measured by micrometer with accu-
racy £ 0.001 mm (Fig. 14 c). Measurement times are five times with average value as
(Table 2).

The wall thickness prediction is calculated by the sine law [5].

t; = t,5in(90—0a) = t,Cosa = t,Cos70° = 1.5%0.342602 = 0.51 mm,
t; = 0.51 mm.

Percent of error between the wall thickness prediction and the thickness distribution
is At.

At = (to — ;) * 100/to = (0.51 — 0.509) % 100/0.51 = 0.196%

According t, the calculation and measerment results. The wall thickness prediction
and the thickness distribution agrees very well with the sine law.

Fig. 14. a. Frustum cone CAD mode with tilt angle 70°. b. Integrated lubricants on a frustum
cone product. c. Measuring thickness of a frustum cone product by micrometer.
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5 Conclusion

In order to have good results, the Jig and fixture system is important to investigate the
influences of processing parameters on formability. It is designed very stable to creat
some results as follows.

The product surface quality and geometric accuracy are formed by The TPIF
process, are very good.

The wall thickness prediction and the thickness distribution agrees very well with
the sine law.

Lubication is a important factor to achive products with hight quality of surface.
Thus, We can chose suitable lubricants and lubricating way. Mixed lubrication is the
best lubricant in four lubricants such as solid graphite powder, lubrication oil, lithium
grease, and mixed lubrication.

Lubricats is near no significant effect on product profiles.

Oil lubrication and mixed lubrication are the same the product surface roughness.

Oil lubrication is very good heat exchange due to the liquid. Thus, product surface
is very smooth and bright. Solid graphite powder lubrication is solid so it is very bad
heat exchange, product surface is bad.
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Abstract

The selection of lubricants depends on the deformation mechanism of each process which significantly affects the surface
roughness. In the incremental sheet forming process, there has been little attention on this aspect. This study investigates
the influence of lubricants and lubricating methods on the surface quality and geometric accuracy during the two-point
incremental forming process (TPIF). By using five different lubricants and two lubricating methods, the experiments were
conducted to deform the 45°-cone parts with an aluminum sheet. Then, the formed parts were analyzed in terms of surface
roughness and geometric accuracy. The morphology of the formed surfaces was also observed by using the scanning elec-
tronic microscope (SEM). The experimental results showed that the mixed lubricant (graphite powder+ MSo2 + machine
oil) greatly improved the surface quality and geometric accuracy. Using vegetable oil as an alternative lubricant for the TPIF
process induced low cost and environmental effects but provided the surface quality similar to machine oil.

Keywords Lubricant - Lubricating method - Surface roughness - Geometric accuracy - TPIF - Incremental forming

1 Introduction

Incremental sheet forming (ISF) is an innovative and flex-
ible process to produce asymmetrical and symmetrical
products from both polymeric and metal sheets. It has been
recognized as a potential process which is suitable for radi-
cal prototype changes of design and development with low
and medium series or customized products. There are two
approaches to form products from the ISF process identified
by the existence or absence of a support or die used in the
forming process. They are called as single-point incremental
forming (SPIF) and two-point incremental forming (TPIF).
Both approaches use the movement of a hemi-spherical
end-forming tool generated for CNC machines or robots.
The blank clamped firmly on the simple frame is deformed
progressively layer by layer to the final product. The SPIF
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vietmv.ncs @hcmute.edu.vn
PetroVietnam University, Ba Ria - Vung Tau, Vietnam

Ho Chi Minh City University of Technology and Education,
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has not used any support or die during the forming process
while the TPIF has required a partial or full die to overcome
their disadvantages in geometric accuracy.

In the literature, many researchers have been focusing on
the improvement of geometric accuracy or surface quality to
mature the ISF process with industrial requirements. It has
been noted that the dimensional accuracy of formed parts
from the SPIF process may still not satisfy some applica-
tions in automotive and aviation industries which require
geometric tolerances to be less than + 1 mm over the whole
deformed part dimensions (or less than+ 0.2 mm for some
large parts) [1]. Therefore, most researchers have performed
studies to overcome inaccuracy of formed parts with the
SPIF process by (i) selecting optimal forming parameters [2,
3]; (ii) forming tool and sheet materials [4]; (iii) forming tool
and toolpath strategies [5]; (iv) using multistage strategies
[6]; (iv) heating the forming sheet [7]; (v) using TPIF [8].
The dimensional accuracy of the deformed part is mainly
caused by spring-back, sheet thinning, pillow, sheet bend-
ing effects (regions of unwanted plastic deformation). The
authors showed that those approaches effectively improved
the geometric accuracy with different levels [9]. However,
to satisfy the needs from further application industries for
ISF, deep research efforts are still required [10].

@ Springer
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The quality of the formed surface is also an interesting
aspect which was needed to satisfy the application indus-
tries. It is identified that the surface roughness in the ISF
process is higher than one in conventional processes such
as deep drawing, stamping, spinning, etc. Lubrication for
metal sheets is an important task in the convenience process
because it affects the quality of the formed surface and wear-
ing of the forming tools. The selection of lubricants depends
on the deformation mechanism of the forming process, but it
seems not to be caused by the decrease in formability
[11, 12]. However, there were few researchers devoting to
effects of lubricants and lubricating methods on the surface
roughness in the ISF process. Most studies focused on the
improvement of the forming surface quality by optimizing
machining parameters [13]. It was concluded that the depth
step has great influence on the formed surface in the SPIF
process [14, 15]. Hussain et al. [16] investigated the suitable
tool and lubricant in the deformation of titanium sheets. The
authors made various combinations of tools and lubricants
to study the influence of each combination on the formed
surface quality. Then, the surface roughness of formed sur-
faces was measured and the surface quality was examined
by a scanning electron microscope (SEM). The authors con-
cluded that the proper surface coating of the metal sheet is
essential to achieve better quality of the forming surface. The
use of HSS tool material with the combination of molybde-
num disulfide and petroleum jelly also achieved good sur-
face quality. Jawale et al. [17] investigated the influence of
lubrication on the deformation of copper sheets. The authors
compared SEM analysis of different lubrication states and
concluded that lubrication has a positive effect on the formed
surface; however, the formability was not influenced by the
lubricants. Azevedo et al. [11] studied the effects of lubricant
types during the deformation of aluminum and DP780 steel
sheets on the quality of the forming surface. The authors per-
formed the SPIF process with a range of distinct lubricants.
They found that good surface quality was achieved on the
aluminum sheet, but worse surface formed on the steel sheet.
For warm ISF processes, Zhang et al. [18] studied the effects

Fig. 1 The experiment system
of TPIF (a) and the forming
tool (b)

Forming tool

Fixed plate  Support

a)

@ Springer

of suitable lubricants and lubricating methods for deforming
the magnesium alloy sheet (AZ31). The authors used pulsed
anodic oxidation method (PAO) for the lubricants K2Ti409
whisker and solid graphite or MoS2 powder-coated porous
ceramic to coat the sheet surface before forming the sheet
by the SPIF process. The formed surfaces were analyzed by
the SEM and the surface coated by PAO method was found
to have good surface quality.

In this study, the effects of lubricants and lubricating
methods are investigated on aluminum sheets with the two-
point incremental forming process (TPIF). The tests were
performed with four lubricants, including AS40 grease/
paste, graphite powder, VG150 machine oil, and vegetable
oil. The lubricants had been provided for contact between
the forming tool and the metal sheet by spraying, coating,
and submerging methods before the TIPF was started. The
original surface and forming surface were analyzed by the
SEM to understand the effects of the lubricants and lubricat-
ing methods on the surface roughness. Moreover, the pro-
files of the forming parts were also measured by coordinate-
measuring machine (CMM) and compared to CAD profile
to evaluate the geometric accuracy.

2 Experimental equipment and process
2.1 Experimental equipment

The fixture and jig used for all experiments in this study were
designed for the TPIF process to reduce the geometric inac-
curacy of the formed part. This system uses four sliding ball
bushings allowed to move axially relative to four guide bars
with high-precision motion. The sliding ball bushings are
fixed with moveable clamping plates and slide smoothly in
axial direction of the guide bars. The supports are designed
depending on the experimental purposes and can replace var-
ious product models. The whole system is placed on the fixed
plate and is clamped firmly on the machine table by six bolts
as shown in Fig. l1a. The forming tool is made by welding a

Moveable plate
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Table 1 The lubricants and physical properties

Lubricant State  Viscosity Density (kg/m?)
(mm?/s)

Graphite powder Solid - 1800

AS40 grease Paste - 1760

VG 150 EP oil Liquid 150 872

Vegetable oil (sunflower oil) Liquid 48.6 920

Mixing lubricant Paste - -

chrome steel ball on the top of the tool with high hardness of
about 64 HRC to reduce the friction and wearing in the form-
ing process (Fig. 1b). The lubricants are necessary for the
contact zone between the forming tool and the metal sheet,
lengthening the longevity of the forming tool, improving heat
distribution, removing chips, and improving the quality of the
forming surface. Additionally, to eliminate sliding friction,
the forming tool must roll without sliding over the metal sheet
surface when it is moving. It is required that the traveling
distance along the metal sheet must be equal to the average
circumference of the tool in the contact zone multiplied by
the spindle speed (@) via the following equation:

14

ry/ %(1 — cos2a)

where v, 7, a is the feed rate, forming tool radius, and wall
angle of the deforming part, respectively. The set of optimized
machining parameters used in this experimental campaign is
the results of our previous studies which give excellent form-
ing surface quality [19, 20]. Therefore, this study uses differ-
ent lubricants and lubricating methods based on optimized
machining parameters, which brings better understanding of
their effects on the geometric accuracy and surface roughness.

o=

2.2 Experimental setup
All the experiments were conducted on the aluminum sheet

A-1050 H14 with the thickness of 1.5 mm. The choice of

Fig.2 The experiment system
(a) and the forming model (b)

lubricants for this study were based on two important charac-
teristics—viscosity and phase (e.g., liquid, solid, gel/pastes,
etc.) which can be used for many application industries with
the TPIF process. The study tried to cover as many distinct
lubricant types as possible as shown in Table 1.

The aluminum sheet was deformed in 45°-cone shape
(see Fig. 2a) using each of the above lubricants and three
lubricating methods (spraying, coating, and submerging),
depending on their phases. The mixing lubricant is a mixture
including graphite powder, AS40 grease, and machine oil
to reduce dust particles spreading over the environment and
increase the lubricating capacity of graphite powder. The
TPIF was run with helical tooth path and stopped when it
had any mechanical failures. The experimental system and
deforming model are shown in Fig. 2a.

2.3 Experimental campaign

A conventional CNC machine was customized for the
ISF process as shown in Fig. 2a. The aluminum sheet was
clamped firmly on the moveable plate while the forming tool
was moving on the outer surface of the 45°-cone model from
its center to edge. The main parameters for the TPIF process
are depth step of 0.2 mm/s, tool diameter of 12 mm, feed rate
of 800 mm/min, and spindle speed of 1000 rpm which make
the forming tool roll without sliding on the sheet surface.
This set of machining parameters was optimized for the best
quality of the formed surface in the previous studies [19, 20].
All aluminum sheets were measured with respect to surface
roughness and microstructure by SEM images before being
deformed by the TPIF process.

Depending on the lubricating method, each experiment
was prepared with a lubricant on the forming sheet. Graphite
powder was spread on the whole upper sheet surface with
thickness to be equal to the tip-tool diameter (12 mm) and
was bonded with the surface by a very thin grease film.
Paste/grease lubricants were coated a layer with the height
of 12 mm while liquid lubricants were locked up in the
bonded tank on the upper sheet surface to ensure the form-
ing tool immersed in the lubricants. Graphite powder can

20 mm
|
I
I
45° |

b) 90 mm
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Table 2 Lubricants and lubricating methods

Lubricant Spraying Coating Submerging
Graphite powder - No. 10 No.2
AS40 grease - No. 4
Lubrication oil (Gear VG 150 No. 6 - No. 3

EP)
Vegetable oil (sunflower oil) No. 8 No. 7
Mixing lubricant - No. 9 No. 1

be dangerous in some forming applications because it pro-
duces dust in the environment. Thus, it was also mixed with
grease and machine oils (accounting for 50% of the mix) to
be coated on the sheet surface. The liquid lubricants were
sprayed directly on the forming tool tip by an existing circu-
latory cooling/lubrication system of the CNC machine. The
lubricating methods for experiments of the TPIF process with
different lubricants are shown in Table 2.

3 Results and discussion

In all experiments, the lubricants and lubricating method
shown in Table 2 had been directly applied on the upper sur-
face of the metal sheet before the TPIF process was started.
The lubricants were always ensured to fully fill up the contact
area between the forming tool and metal surfaces. The form-
ing process would be stopped when the cone achieved the
height of 350 mm or any mechanical failure occurred. The
final formed parts were unclamped and underwent roughness
tests and profile measurement. The profile of each formed
part was measured at each quarter for both upper and lower
surfaces by using a CMM (Fig. 3b).

3.1 The geometric accuracy and thickness
distribution

The profiles were extracted from the CMM machine in the
coordinate formatted file. The outer and inner profiles were

Fig.3 a Measuring the surface
roughness; b measuring the
profile of the formed part

@ Springer

compared to the CAD profiles as shown in Fig. 4a. The pro-
file can be divided into three regions: top, wall, and bottom
of the cone shape. In general, the wall regions showed to best
fit with CAD profiles for all lubricants with the maximum
error of about 0.1 mm. While, the top and bottom regions
had a lower accuracy with the maximum error of 0.2 mm.
However, these results present a higher accuracy in compari-
son with the SPIF process (maximum error in=+ 1.5-2 mm)
with the same material and machining parameters [5, 10,
19, 21, 22].

The lubricants submerged completely in the forming tool
tip showed an excellent accuracy of the TPIF process with
the maximum error of about 0.08 mm (the specimens were
numbered in nos. 1, 2, 3, 4, and 7 in Figs. 4b and 5). The
lubricant filled the contact area between the surface of the
forming tool and the metal sheet. From experimental obser-
vations, the forming tool moving on the metal sheet cre-
ates a local valley where the lubricant agglomerates around
the tool tip. Thus, this way can keep continuous lubrica-
tion between the tool tip and the sheet surface and make the
friction decrease significantly. Otherwise, the spraying and
coating methods showed less geometric accuracy due to a
discontinuous and non-uniform lubrication in the contact
zone when the forming tool moved on the sheet, resulting
in high direct friction of the tool tip with the sheet surface.

A good geometric accuracy was found for both pure
graphite powder and mixed lubricants with the error of
0.02 mm in the wall region. This result is very important
because graphite is a cheap solid lubricant which is appro-
priate for metal forming in practice and cost. Using the
mixed lubricant (50% graphite) avoided the spread of graph-
ite dust to the environment. The grease and machine oils in
the mixed lubricant helped the graphite particle stick and fill
up small valleys on the metal surface. Thus, the efficiency
of lubrication is better than pure graphite powder. The geo-
metric accuracy of the mixed lubricant is about 0.02 mm. In
addition, the machine oil (Gear VG 150 EP) also resulted in
good geometric accuracy.

Thickness distribution of the formed part with different
lubricants and lubricating methods is shown in Fig. 4b. The
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Fig.4 a CAD and measured profiles; b thickness distribution of the formed part

thickness of formed part was calculated through a sine law
formula of ¢ = ¢ sina (where ¢ is the thickness of final part,
t, is the thickness of a blank sheet, and a is the half-apex
of part) [21]. The result of calculated thickness was drawn
as a line in Fig. 4b. The measured thickness from CMM
machine at different distances from the clamped position
to the supported position is distributed in adjacent areas of
this line (Fig. 4b). The samples coated or sprayed lubricants
(nos. 4, 6, 8, 9, and 10) showed that the thickness distribu-
tion of the formed part has a high deviation from the line.
Specially, the sample of no. 10 is the furthest from the line
about 0.15 mm. The cause of this deviation is from the con-
tact condition between forming tool and the aluminum sheet
which the graphite layer exists in this contact. This phenom-
enon decreased the deviation with sample of nos. 1, 2, 3, and
7, where the forming tool was submerged into the lubricants.
The use of mixed lubricant and submerged method also has
the smallest deviation from the line.

3.2 The surface roughness measurement

For measurement of surface roughness, the formed part for
each lubricant and lubricating method was fixed on a rotat-
ing vise inclined 45° with respect to the horizontal plane
(Fig. 3a). A Mitutoyo machine was used to measure the
roughness parameters of two cone surfaces according to ISO
1302 with the arithmetic mean roughness (Ra) (Fig. 3b). The
results are shown in Fig. 5 with the outer surface contacting
with the forming tool. Observations showed that graphite
powder was not a good lubricant for two lubricating methods
in the TPIF process. Although graphite powder is a good
lubricant in industrial applications, the lubricating efficiency
depends on the size of the graphite particle. A large parti-
cle is difficult to fill in the contacting surface between the
forming tool and the metal sheet in the TPIF process. In

addition, this lubricant spreads a large amount of dust to the
surrounding environment. Thus, this lubricant is not suitable
for the TPIF process with high values of Ra (Ra=4.32 for
the discontinuous lubricating method and Ra=2.6 for the
continuous lubricating method). The SEM images (Fig. 5)
also showed that the submerging method gave the better
surface than the coating method due to the discontinuous
graphite powder coated on the metal sheet.

The graphite powder mixed with a proper amount of
grease and machine oils brought high lubricating efficiency
in the TPIF process. The grease and machine oils acted as
the adhesive and filled the graphite particles in concaves on
the metal surface. This mixture also prevented the spread of
graphite powder. The SEM images also showed that there
were few concaves on the formed surface. The submerg-
ing lubricating method showed a smoother surface than
the coating method. With this lubricant, the surface quality
can achieve Ra=0.65 which is useful for many industrial
applications.

The AS40 and machine oil (Gear VG 150) which are two
popular lubricants used in the machine industry showed a
relatively good surface quality in the TPIF process. There
was no difference in applying the lubricating method with
AS40 grease. However, there was a significant difference
between the two lubricating methods of the machine oil.
The submerging lubricating method for the machine oil was
more preeminent than the spraying method. It is necessary
to use a circulatory pump system to provide machine oil for
the TPIF deformation process. On the other hand, using veg-
etable oil in the TPIF process with the submerging method
also produces a good level of surface quality as in the case
of machine oil. It is a potential substitute for mineral oil to
decrease cost and environmental effects.

Finally, it is worth mentioning the submerging lubricat-
ing method is best suitable for the TPIF process where the
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Fig.5 SEM images of the sam-
ple with different lubricants and
lubricating methods

Lubricants Spraying/Coating Submerging method
method

Original aluminum
sheet

Ra = 0.52 (No. 0)

Mixed Lubricant

AS40 grease

Gear VG 150 oil

Vegetable oil

Graphite Powder

Ra = 4.32 (No. 10) Ra=2.6 (No. 2)

lubricating film can be filled easily out the contact zone between  the TPIF process. Vegetable oils with lower viscosity values
the forming tool and the metal surface. The mixed lubricant  still provide a cheaper way to apply for the TPIF process which
brings potential advantages to achieve good surface quality in ~ obtain surface quality quite similar to machine oil.
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4 Conclusion

This study investigated the effects of lubricants and lubricat-
ing methods during the TPIF process. The 45°-degree cone
part was formed with different lubricants and lubricating
methods. The machining parameters and toolpath strategy
were kept the same for all experiments. Then the formed
part was analyzed in terms of both geometric accuracy and
surface quality. By selecting the same toolpath and the opti-
mal machining parameters like the previous studies, it shows
that using a suitable lubricant and lubricating method may
significantly improve the geometric accuracy and the surface
quality of the formed parts in the TPIF process. The follow-
ing conclusions can be extracted from this study:

— The lubricants and lubricating methods had significant
effects on both the geometric accuracy and the surface
quality of the formed parts in the two-point incremen-
tal forming process. The continuous lubricating method
(immersing method) greatly affected the surface rough-
ness; thus, it is important to ensure enough lubrication
in the contacting zone during the TPIF process.

— The formed profile at the wall region best fitted with CAD
profile while other regions had slight differences. How-
ever, the geometric error in the TPIF process was much
less than one in the SPIF process with the same machining
conditions. The excellent geometric accuracy was found for
both pure graphite powder and mixed lubricants with the
error of 0.02 mm in the wall region. The machine oil also
provided a good geometric accuracy.

— The lubricants had significant effects on the surface roughness.
The mixed lubricant (graphite powder+MSo2 +machine oil)
greatly improved the surface quality and thickness distribu-
tion and also prevented the spread of graphite powder to the
surrounding environment. This mixture had good adhesion
and filled in the concaves in the metal sheet with the role as a
lubricating film on the contacting surface between the form-
ing tool and the metal sheet.

— The vegetable oil acted as an alternative lubricant for
the TPIF process with low cost, but the obtained surface
quality was quite similar to the machine oil. Use of this
lubricant can help reduce machining cost and environ-
ment impacts.
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ANH HUONG CUA NHIET DQ TAO HINH TAM HQP KIM MAGIE BANG
PHUONG PHAP BIEN DANG GIA TANG CUC BO

EFFECTS OF FORMING TEMPERATURE ON MAGNESIUM SHEET UNDER
SPIF PROCESS

ThS. Ma Vin Vigt!, PGS, TS. Lé Viin S§
'Cong ty PVD Tech
*Treong Pai hoc Dau khi Viét Nam

TOM TAT

Céng nghé bién dang gia tang dom diém (SPIF) cho vat liéu kim logi tam dang duwoc nghién
cteu rong rai tai Viét Nam va trén thé gioi. Pé tang kha nang bién dang cho cdc loai vat liéu tam
kho bién dang (hop kim magie, titan, inox...vv), cdc tam vét liéu thuong dwoc gia nhiét bﬁ'ng nhiéu
phwong phdp khdc nhau. Viéc xdc dinh nhiét d va théng sé bién dang cua cong nghé SPIF ¢ nhiét
dé cao thuong 1d yéu t6 rat quan trong ma dnh hirong dén kha nang bién dang va chat luong cua
san phcfm. Bai bdo nay sé trinh bay img dung céng nghé SPIF & nhiét d6 cao cho vt liéu tam magie
va xem xét dén co tinh cia tdm & cde nhiét Ao khdc nhau voi khd ndng tgo hinh trong céng nghé
SPIF. H¢ thén g gia nhiét truc tr.'é;o ciing dwoe thiét ké d@é diing bién dang tam bang cong nghé SPIF
va trong thi nghiém kéo méau ¢ nhiét dé va tée do kéo khdc nhau. Sau do, cdc mau kéo duoc phin
tich cdu triie té vi dé xde dinh cde dic diém co tinh ciia hop kim magie vmg véi théng sé bién dang.
Két qua cho thay, & nhiét dg 250°C, hop kim magie cho khd néng bién dang, co tinh va chét luong
san phdm tot nhat doi véi cong nghé tao hinh SPIP.

Tir khéa: Tao hinh khong khuén; SPIF; Bién dang ém, Hop kim magie; Phan tich cdu tric té vi.
ABSTRACT

Single point incremental forming technology (SPIF) for metal sheet has studied popularly
at Vietnam and other countries. To improve formability of SPIF for hard-to-deform sheet materials
such as magnesium alloy, titanium, stainless steel...etc, heating process for metal sheets has been
carried out for SPIF process. The selection of forming temperation and Sforming parameters for
SPIF process is very important task which effect on the formability and Jformed product. This paper
presents applicability of warm SPIF for magnesium sheet and considers the mechanical properties
of magnesium sheet alloy at different temperature and deforming speed. The heating system is
designed to be able to carry out SPIF process at warm condition with different forming speed and
temperature. Then, the tested specimens taken from mechanical tests were used Jfor microstructure
analysies. The results showed that magnesium sheet is well formed at the temperature of 250°C with
high geometric accuracy.

Keywords: Die-less, SPIF, warm forming, magnesium alloy, microstructure analysis.
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I. GIOI THIEU

Cong nghé bién dang gia ting don diém
(SPIF) d4 thu hut sy quan tdm cia nhiéu nha
khoa hoc trong thoi diém hién nay [1]. Mot
frong nhlmg uu diém cua phuong phap nay la
khéng yéu ciu khuén dét tién va thiét bi phurc
lap, giam thoi gian chuan bi va ga dat. Cong
nghé SPIF sir dung may CNC dé bién dang vat
ligu tAm voi dung cu bién dang déu chom ciu
khéng canh cit. TAm vat liéu duoc kep chic
trén mét khung va gé chéc chén trén ban may
CNC. Dung cu tao hinh s& duoc lap trinh chay
theo bién dang san phim va bién dang tim
theo tirng 16p vt liéu cho dén khi hoan chinh
hinh dang thuc ctia san phdm. Kha ning bién
Llang cua cong nghé nay hon hin cong nghé
truyén tlmon0 (dap, vudt, chdn, ép, miét...vv)
cho nén c6 thé thuc hién vcn cac mo hinh phirc
tap va dap tng viéc tao mau nhanh cho cac san
pham lam tir vat liéu tdm (kim loai tim hodc
polymer tim). Cong ngh¢ nay thich hop cho
cac loat san phim vira va nho, giam gia thanh
sdn pham. Trong théi diém hién tai, cdc nghién
ciru d tap trung hau hét cc khia canh cia qua
trinh gia céng nhu: May — thiét bi, dung cu
tao hinh, céc thong sé anh huong dén gia cong
(dudng kinh dao, chiéu day tAm, van toc quay
truc chinh, diéu kién tiép xuc, loai vat ligu ..
vv), co hoc bién dang. Pa sb céc nghién ciru
thudng tap trung vao viéc tng dung céng nghé
SPIF & nhiét do thucmg cho céc loai vt liéu
kim loai bién dang t6t [1]. Bbi v6i vat lidu kim
loai nhu hop kim magie, titan, inox,...vv, thi
rit kho bién dang bang cong nghé SPIF O nhiét
do thu'(mg Cac vat liéu dang ndy doi héi dung
nhiét hd trg qua trinh bién dang, déc biét hop
kim magie duoc sir dung rit nhidu trong cong
nghlep 0 t0 va hang khong vi dac tinh nhe va
ben [5- 9] Trong théi diém hién nay, co nhiéu
nd luc dé thyc hién cong nghé nay d6i véi hop
kim magié dugc liét ké sau day:

TAP CHI CO KHI VIET NAM, Sé 4 nam 2018

Ambrogio [5] thuc hién nghién ciru
dau tién vé viée ap dung cong nghé SPIF dé
bién dang tdm hop kim magie. Tac gia da tap
trung vao viéc xdc dinh cac gioi han kha ning
tao hinh ctia tAim hop kim ciing nhu anh huong
clia cic thong 6 cong nghé v6i kha nang tao
hinh. Pham vi nhiét do khao sat tir 200°C dén
300°C, cac thi nghiém duoc thuc hién dé danh
gia anh hudong cta dwong kinh dung cy, chiéu
sdu xudng dao va nhiét d thi nghiém. Kct qua
cho thiy rang kha ndng tao hinh cua tam hop
kim magie tang dang ké. Cac anh hudng cua
nhiét do va chiéu sau tién dao kha quan trong,
trong khi duong kinh dung cu anh huéng
khéng dang ké.

Ji [7] khdo sit cong nghé SPIF cho tim
hop kim magie trong mot khoang nhiét d6 rat
réng tir 20°C dén 250°C. Téc gia da thuc hién
céc thi nghiém kiém tra co tinh ctia vat liéu &
céc nhiét d6 khac nhau dé danh gi4 anh hudng
clia nhiét @§ dbi voi bién dang trong phuong
ngang va phuong dbi xung tai 20°C, 50°C,
100°C, 150°C, 200°C va 250°C. Két qua cling
cho thiy kha nang tao hinh tdng theo nhiét do.
Céc thi nghi¢ém va mé phong PTHH cua cong
nghé SPIF dugc thyce hién, sau d6 v6i mé hinh
cdn v6i cac nhiét d6 khac nhau. T4c gia dé xut
mot khai niém méi dé cai thién kha ning tao
hinh ma cho phép vuot qué giéi han tao hinh
cua md hinh nén véi géc nghiéng 16n hon.

Zhang [6] khao sat anh huong ctia cac
phuong phap san xuét tim hop kim magie dbi
v6i mic do bt ding huéng trong qua trinh
bién dang SPIF. Nghién ciru nay, tap trung vao
bén loai tim AZ31 duoc ché tao bang phuong
phép khéac nhau. Cac phuong phép ché tao bao
gbm dun nong, can + noéng/ can ngudi, can dai
duc va can qua. Céc tac gia két luan rang, can
néng/dic ngudi - can tim véi kich thudc hat
clia 5-15pm c6 dd bét dang hudng nhé. Nhiing

dang con lai 4nh huéng déng ké dén kha ning <
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tao hinh, nhung né gidm bt anh hudng dé
bat déng hu'c'mg khi ting nhiét d6. Cac téc
gla cling d& nghi rang, tim AZ31 san xuét
bing phuong phap can 4m c6 kha ning tang
hinh t6t nhat d6i v6i qua trinh SPIF.

.Nhin chung, cac nhém nghién ciru
da khao sat & cac dai nhiét do khic nhau
nam trong vung nhiét do dm dé tim ra su
anh huéng ciia thong sd céng nghé véi kha
ning tao hinh [2-4]. Ban chit vé kha ning
bién dang ting khi gia nhiét va anh hudng
clia cac thong s6 bién dang chi méi khao sat
& mic vi md, chua 1am rd cac yéu t§ vé co
tinh va cdu tric kim loai & c4c nhiét d6 khac
nhau. Trong nghién ciru ndy s& bién dang
tAm hop kim magie ¢ nhiét d6 thich hop
(ving 4m) v6i mong mudn tdng kha nang
bién dang vat liéu trong cong nghé SPIF.
Viéc xac dinh nhi¢t ¢ pht hgp ma dam bao
co tinh vat liéu, chit luong san phém va qua
trinh bién dang t6i vu nhat. Thi nghiém kéo
mau cit tir tim hop kim magie duge kéo &
téc do kéo va nhiét 49 kéo khac nhau nhim
khao sat cac théng sb vé co tinh cua tim
kim loai. Nhdm hiéu r& hon ban chét co tinh
do anh huéng ciia nhiét 46 va tbe d6 kéo,
cac miu sau khi kéo duoc chup SEM nham
thay 18 cdu trac té vi ciia tim kim loai. Cudi
cung, viéc khao sat mAu san phdm bang cong
nghé SPIF & nhiét d6 tir 25°C — 300°C ciing
duogc thue hién nham kiém nghiém kha nang
bién dang va chit lwong san pham sau khi
bién dang. Trong nghién citru nay, hé théng
gia nhiét thiét ké dya trén hiéu tng Joule
va diéu khién tu dong qua trinh gia nhiét
st dung dé gia nhiét trong qué trinh bién
dang bing cong ngh¢ SPIF [2]. Cic méu kéo
dugc gia nhiét bang phu:cmg phap gia nhiét
cam mg cao tan duoc diéu khlen mot cach
tu dong s€ cho dd chinh xac rt cao.
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2. THIET BI THi NGHIEM

Nghién clru nay st dung vét ligu hop
kim magie c¢6 tén thuong mai 1la AZ31 véi
thanh phan héa hoc va cac hé s co Iy tinh nhu
trinh bay trong Bang 1.

Nguyén Ham Co'ly tinh Gia trij
tb Irong %
Al 2.50-3.50 | Khbéi 1770 kg/m?
% luong
riéng
Ca <=0.040 Module 45.10° N/m?
% dan hdi
Cu <=0.050 | Hésbd 0.35
% Poisson
Fe <=0.0050 | Module 17.10° N/m?
% trueot
Mg 97.0% | Hé sb gisin | 27.10%m/m-C
nd nhiét (20-200°C)

Mn >=0.20 % Nhiét
dung riéng

1.000 J/kg-°C

Ni <=0.0050 | Hé s6 din | 96.0 J/s-m-K
% nhiét
Si <=0.10

Zn 0.60-1.40
%

Bdng 1. Thanh phan héa hoc va thong sé co
ly tinh cua hop kim magie

bé khao sat dugc co tinh clia tim hgp
kim magie, cic mau thti dugc cit theo miu
chuin (UNITEN 10002) c6 kich thudc nhu Hinh
1, theo ba phuong khac nhau theo phuong can
tam 0°, 45°, va 90°. B mat miu dugc phun 16p
Nitride-Boron (den tring) d€ hé thdng camera
CCD dé dang nhén dién dugc hién tugng bién
dang. Cam bién nhiét dugc han cling ngay &
phén chinh gifta ciia mau dam béo khong bi
dut khi kéo va ndi vao hé thong giam sat nhiét.
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Itu hop
31 voi
linh nhu
tri
hy/m’
N/m?
b
N/m?
m-°C ] ]
0°C) Hinh 2. Thiét bi thi nghiém: a) Thiét bi kéo, b) Thiet bi tao hinh SPIF ¢ nhiét do cao
g-°C Céc thi nghiém dugc thuc hién ¢ ca nhiét 4o phong va nhlet d6 cao v6i cac vén tde kéo khac
nhau cho trong Bang 2. Thlet bi kéo MTS ¢6 lyc kéo tdi da 5 tén, cac bién dang duoc do bang he
m-K théng quang hoc va phin mém xir 1y anh. Cac blen dang doc truc va bién dang ngang dugc do chn
than bang hé théng nay. Thi tuc thi nghiém gdm céc bude: i) Mau duoc nung nong dén nhiét do
bién dang trong thoi gian t6i da 120s va duy tri nhiét 46 trong 120s t1ep theo dé dam bao co phd
nhlet dong nhét trén toan bd ving do; 11) Nhip cac tham sd keo va tién hanh kéo; iii) Lam ngudi
mAu bang khong khi sach; iv) X Iy két qua do bang phan mém chuyén dung. Mau thi nghlem va
hé théng do dugc ga dit nhu trlnh bay trong hinh 2 Cac mau duoc kéo véi vén tde hang s0 va thu
J tuc kéo tu dong nging khi mau bi dat. Mot phan méu (gén vét dit) duoc xtt Iy bé mit @ phan tich
§o < chu tric té vi.
E 1op Nhiét @ (°C) Vén toc thi nghiém
b mau Vin toc kéo (mm/s) Van tdc bién dang (s)
Hinh Nhiét do phong 0.02,0.2,2 0.1, 0.01, 0.001
g can 200 0.02,0.2,2 0.1, 0.01, 0.001
in 16p 250 0.02,0.2,2 0.1,0.01, 0.001
pncra 300 0.02,0.2,2 0.1, 0.01, 0.001
i bién
h2y § Bang 2. Théng s6 kéo mau
ing bl
nhiét.
|
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Hé thong gia nhiét dugc thiét ké dé phuc vu cho viéc gia nhiét tim hop kim trinh bay tron
tai liéu [2]. Cac tdm dwoc bién dang theo m6 hinh c6n c6 goc nghiéng thay d6i theo chidu siu W
cac thong s6 gia cong dugc thiét ké theo ma tran quy hoach thure nghiém dap (g bé mat (RSM)
bao gém nhiét do tao hinh T(°C), chiéu sau tién dao Z(mm), tdc do tién dao ngang F(mm) Cac dig
trng nhap vao ma tran thuc nghlem bao gom goc nghiéng tuong cén a, do nham bé mit trong cON
Ra. M&i mé hinh dugc 13p lai 2 14n dé dam bao két qua do 1a chinh x4c. Cac mirc gia tri cua thong
s6 gia cong (Bang 3) dugc chon theo kinh nghi¢m, déc tinh vat liéu va kha ning ctia may s& dug
chay trong tong sd 16 lin [2].

Bang 3. Thong s6 thi nghiém va mikc gid tri

Théng s6 gia cong Mire gia tri
Mirc thip Miic cao
Nhiét d6 (°C) 200 300
Chiéu sau tién dao (mm) 0.2 I
Tbc d6 tién dao ngang (mm.s™) 1.000 6.000

3. KET QUA THi NGHIEM

Thos dtvans. (MPal
- .

Ll (31 bis 0 (k1 @
Tue SIRin

Hinh 3. Thi nghiém kéo khi thay doi nhiét @6 va toc dg kéo

True Wiain

Céc miu horp kim dwoc kéo 14n Tuot theo cac vén tdc kéo khic nhau & cac nhiét d6 tur 25°C
dén 300°C cho dén khi dut gdy. Két qua cho thay, hop kim magié co bién dang rit kém & nhlet do
phong (25°C). Tuy nhién, khi ting nhiét do thi kha nang bién dang ctia n6 rat tot. Bbi véi miu cét
theo phuong 90°, két qua kéo & cing van téc 2mm/s cho thiy ring, & nhiét do khoang 200°C, hop
kim magie c6 kha ning bién dang trén 200%, so voi nhiét do phong (Hinh 3a) Néu tiép tuc tang
nhiét do hon nita thi kha ning bién dang bat ddu giam, khi dat nhiét do 300°C tim hop kim bt dau
c6 hién twong trugt chay. Cho nén, nhiét d6 16n hon 300°C s& khong thich hgp cho viéc bién dang
tAm hop kim magie.
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NGHIEN CU'U - TRAO POI

Pbi voi méu cit theo phuong 0°, két
{ui kéo & cing vén tc 2mm/s cho thiy, khi
1ing nhiét do thi kha ning bién dang ting theo.
Kha ning bién dang tir 250°C dén 300°C ¢6 su
thay ddi rat it. Mau bi chay trwot khi nhiét do
dut gia tr1 300°C.

Hinh 4a va b su 4nh hudng ctia tdc do
kéo miu & nhiét 6 250° C va 300° C. G 250°C
cho thay anh hudng cta tdc d6 kéo dbi véi kha
ning bién dang twong dbi thip. Téc d6 kéo
cing cao thi kha ning bién dang s& bi giam.
l'uy nhién, tdc d¢ kéo anh hudng rit 5 nét dén
kha ning bién dang & nhiét 6 300°C. Téc do
kéo cang thép thi kha ning bién dang cia miu
¢dng cao.

Hinh 4. Két qua kéo mdu 6 cdc théng sé khdc
nhau

D& hiéu 15 ban chét cac hién tuong trén,
la quan sat cdu tric t& vi clia cic mau & cac
nhigt d6 va téc @6 kéo khac nhau. Hinh 5 cho
(hdy hinh anh c4u tric té vi ciia cac méu khi kéo
o van toc 2mm/s. Cac chu tric hat bi kéo gian
dai theo chidu kéo, khi ting nhiét do, kha ning
dich chuyén ctia cac hat dé hon nén céc bién
hat bi kéo rat dai & nhiét d6 250°C. Tuy nhién,
hién teong két tinh lai xay ra & nhiét do 300°C
nén bién gidi hat duoc sap xép lai voi phuong
khong bi kéo dai theo phuong kéo. Hién tuong
b1 hat kim loai bi kéo dai theo phuwong kéo &
van tdc cao s& lam giam kha ning bién dang
ctia kim loai. O 250°C, hat bi kéo dai qué mirc
nhung ¢ 300°C thi cac hat dwoc sép xép lai tho
hon nén kha ning bién dang 13 twong d6i kho.

TAP CHI CO KHI VIET NAM, S6 4 nim 2018

N6 phén anh kha nang kéo kim loai trén Hinh 3.

Khi giam téc d6 kéo dén 0.02mm/s,
hién tuong bién gidi hat it bi kéo dai theo
phuong kéo. DBdc biét tai nhiét d§ 250°C, hat
c6 kich thudc rt nhé (khoang S5um) va phan
b dong déu thi kha ning bién dang s& tang
1én rat dang ké. Tuy nhién, & 300°C xay ra hién
tugng két tinh lai cho két qué hat c6 kich thuée
tho va phan bb khong ddng déu. Cho nén, kha
ning bién dang ctia tAm hop kim s& bi giam
dang ké.

T=300°C, v=2 mm/s

Hinh 5. Cau truc té vi ctia mau khi kéo ¢ van
toc 2mm/s

Hinh 6. Céu tric té vi ciia méu & téc dé kéo
0.02mm/s

Két qua khao s4t kha ning tao hinh tdm
hop kim bing cong nghé SPIF cho thdy kha
ning tao hinh 16n nhét tai nhiét d6 300°C va
tbc do bién dang thép. Tuy nhién, hién tugng
chay truot va mém qua muc da lam cho hinh
dang san phim khéng dam bao d6 chinh xéc
hinh hoc [2,3]. O nhiét d6 tao hinh 250°C, san
phim c¢6 d6 chinh xac hinh hoc rat cao, chit
luong bé mat tot nhat va kha nang bién dang
giam khong dang ké so voi kha ning bién dang@
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& 300°C. Van dé nay d3 dwgc nhom nghién cliru
trinh bay chi tiét trong tai liéu [2-4].

Hinh 7. Két qud bién dang tém magie bang
céng nghé SPIF ¢ nhiét do cao

4. KET LUAN

Ket qua tur nghlen cuu nay da lam ro
va cling c6 thém cic két luan vé kha ning bién
dang, d6 chinh xac hinh hoc clia san pham
bién dang bang cong nghé SPIF dudi goc do
sau hon. Khdo sat co tinh cua tAm hop kim &
cic van tbc bién dang va nhiét d§ khac nhau
s& gifip hiéu & hon anh huong cia ching dén
kha ndng tao hinh tam hop kim magie. Phan
tich céu trac t& vi gitip hiéu 10 su anh huong
clia nhiét d6 dén su phan bd céu tric kim loai
duéi cac nhiét d6 khac nhau ma s€ anh huong
dén chat lugng cua san phdm. Ta c6 thé két
ludn rang, nhiét o tao hinh la mot trong cac
yeu t6 rat quan trong dé tang kha ning bién
dang cua tAm hop kim magie béng céng nghé
SPIF. Nhiét do bién dang phai dugc chon duai
mirc 300°C va gia tri tot nhét c6 thé lya chon
la khoang 250°C dé c6 thé dam bao cac yéu
tbt kha nang bién dang va chat luong cua san
phém. O nhiét do 250°C, tbe d6 bién dang phai
chon hop ly dé qué trinh bién dang xay ra trong
diéu kién tot nhét. O 250°C, su phan b6 clia hat
tinh thé kha déu va kich thude cua chung rat
nho khoang dudi Spm ma sé cho chit lwong
bién dang tot nhdt Két qui phan tich kéo mau
& nhiét d6 va toc d6 kéo khac nhau cung vdi
viéc nghién ciru cau trac té vi cia mau sau
bién dang di clng ¢b vitng chac cic két ludn
tir nghién ctru trude day [2,5].¢
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