Laser Bending of Tubes:
Mechanism, Analysis, and
wenchuan Li | Prediction

Y. Lawrence Yao _ _ o , S
Laser bending of tubes is a process in which laser-induced thermal distortion is used to

Department of Mechanical Enginesring, bend tubes without hard tooling or external forces. Mechanisms of the process are exam-
Columbia University, ined to better understand the deformation characteristics such as wall thickness variation,
New York, NY 10027 cross-section ovalization, bending radius, and asymmetry. Factors important to these

characteristics are experimentally and numerically investigated. Temporal and spatial
distributions of temperature and stress/strain obtained from experimentally validated
simulation models are also used to better understand additional phenomena accompany-
ing the process, and to help devise ways to improve the process such as reducing asym-
metry. A closed-form expression for the bending angle is proposed.
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1 Introduction bending moment. Pan and Stelsi@] investigated the relation-

Tube bending is important in the manufacturing of boilers, e ships between the axial curvature of a bent tube and the resulting

gines, heat exchangers, air conditioners, and tubing and pipe pr ross-section deformation for a finite-length tube by an analytic

ucts. Tubes may be mechanically bent either when hot or co broa}ch. An approximate expression obtained for the displace-
alth(;ugh most t}/ending s done c)(l)ld Cold bending is more e ent field described ovalization, wall thickness variation in addi-

. . ? : ) 2 - on to the others, which were in agreement with experimental
cient and yields more rigid products, while hot bending is suitab Oeasﬂrgrﬁe%tse S ch were in agreement expermenta
for bends of smaller bending radii or tubes of larger diameter. '

During the bending of a tube, the material at the extrados 2 Laser Bending of Tubes
free outer surface, while the intrados is the inner surface contact- i )
ing the dig generally becomes thinner when it is subjected to Laser bending of tubes has the following advantages over me-
tensile stress. This may induce a neck formation or fracture so ti¢g@nical bending of tubes. Neither a hard bending tool nor exter-
tensile failure occurs. To prevent thinning, pressure bending mBg! forces are required, and thus the cost of tube bending is greatly
be used. This makes the production facilities more complicatégduced for small-batch production and prototyping. Wall thick-
Buckling or wrinkling of the material at the intrados may occuP€ss reduction seems to be avoided and lesser ovalization results.
due to compressive stress during the bending. The buckling pith the flexibility of the laser beam delivery and numerical con-
comes more acute for thin sections. To prevent undesirable forffR! Systems, it is easier to automate the process. Tube laser bend-
ing defects such as buckling and distortion of the ring cross seB9 has the potential to deal with materials whose bending nor-
tion, mandrels can be used. mally requires repeated annealing when conventional mechanical

There is a minimum bending radius to which a tube can be bdRans are used. _ .
in the mechanical bending. This is mainly because of the possi->!ve €t al.,[7] investigated procedures for laser bending of

bilities of the tensile failure in the extrados as mentioned aboveduare cross-section tubes of mild steel. Different scanning se-

The minimum radius is proportional to the outer diameter of th&uences were compared experimentally. Bending angles and pro-

tube and inversely proportional to the percent elongation of m les, variation in thickness, and plastic compression were also

terial [1]. Tubes that are to be bent to small radii frequently ha\I%Udied' Laser shaping of tubes and the microstructure of formed

to be annealed to increase their ductility, which increases the cogrg;tgu"cvtaéz 'gxeségﬂatsetﬁ]’ 2?t|ar;(()ard§éil(ljsinweorfesgnl:g ggasléiﬂection
plexity of the bending process. y 9 d

The bending of tubes mav be accompanied by flattening of t ubes and studied the temporal development of plastic straining

9¢ > may p y 9 Ad restraining in the bending process. It was found that although

tube cross section. This is because the material at the extral S process is dominated by the upsetting mechanism, an inhomo-

g:grsn;) tr)l%\:j(ainlgvyr?égnlenntrezggncsgrrzgrtehsesit/een?gfcesg%srz Z?)l:)?ii eous plastic zone exists at the beginning of the scanning. In the
: ' : ) ) ling-off ph rth nning, a plastic restraining m k

the intrados from the bending die. The flattening of elastic tub g-off phase after the sca 9. a plastic restraining may take

. ) X ﬁ?ace, which depends on the strain, the cross-section geometry,
under the bending was first analyzed by Von Karrfizh Brazier 5.4 properties of the material scanned. The sequence of heating
[3] extended the analysis to include nonlinear effects. It has b

. ) . X Bs also investigated by the simulation but no experimental vali-
called theBrazier effect An approximate displacement field andytion was conducted.

the strain energy and its Euler equation were proposed. Wallj, the present work, the mechanism of tube laser bending is
thickness change could not be included in the analysis. Zhang agjlgied in more detail through numerical and experimental inves-

Yu [4] investigated the Brazier effect of infinitely long cylindricaliigations. The causes for various aspects of deformation charac-
tubes under elastic-plastic bending by the energy method and @distics such as wall thickness variation, ovalization, protruded

tained the expressions for bending moment and flattening ratiojiirados, and bending radius are explained. Other characteristics
terms of curvature. The Brazier effect in cylindrical tubes undeff |aser bent tubes such as asymmetry of deformation and the
pure plastic bending was studi¢f]. The degree of ovalization ways to reduce asymmetry, are also examined.

was determined using a postulate of a minimum instantaneous

3 Mechanism of Laser Bending of Tubes

Contributed by the Manufacturing Engineering Division for publication in the . . . .
JOURNAL OF MANUFACTURING SCIENCE AND ENGINEERING. Manuscript received It IS generally known that laser bending of tubes is achieved
Aug. 2000; revised Feb. 2001. Associate Editor: S. Kapoor. through the upsetting mechanism. Consider the circular tube
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Fig. 1 (a) Schematic of laser bending of tubes  (left) and direction of thermal—
induced stresses in the cross section A-A (right) (b) Samples of laser bent
tubes (outer diameter 12.7 mm and thickness 0.89 mm ) and simulation result of
laser bent tube (half tube shown due to symmetry about the scanning plan,
deformation magnification X5, note the protruded intrados near the symmetry
plane, power: 780 W, angular speed: 1.57 rad /s, beam diameter: 11 mm, maxi-
mum scanning angle, 6. : 180 degree, tube outer diameter: 12.7 mm, wall
thickness: 0.89 mm )

shown in Fig. 1. The tube rotates typically 180 degrees or moization in laser bending however is smaller than that in mechani-
when its outer circumference is heated by a laser beam. The lasalrbending because no die is used and tensile stress at the extra-
beam size is so chosen to be much greater than the tube thickndss.is greatly reduced.
As a result, the scanned region of the tube is heated almost ho-
mogeneously in the thickness direction, and undergoes compres- Experiment
sive plastic deformation and wall thickening due to restriction o P
thermal expansion by the surrounding material. The shortening inAs stated earlier, it is essential that the ratio of laser beam
the scanned regiofin the axial direction of the tubesubsequently diameter,d, to tube thicknesst is high so that there is no steep
causes the tube to bend towards the laser beam. temperature gradient in the direction of the wall thickness. The
A more detailed examination of the upsetting mechanism majosen ratial/t ranges from 12.4 up to 16.9. The thickness of the
help better understand the bending process. The thermally induteie is 0.89 mm and length 100 mm. The material of the tube is
compressive stresses are exerted on the heat-affected regiotpw carbon steel AISI 1010. To increase coupling of laser power,
both the axial and circumferential directions as shown in Fig).1 the samples were coated with graphite after cleaning using pro-
The axial stress is more significant and is primarily responsible fpanol. Absorption coefficient was obtained as described in Arnet
the wall thickening, while the vertical component of the circumand Vollertsen’s papdrL0]. During scanning, one end of the tube
ferential stress tends to make material in the area move outwandis clamped as shown in Fig. 1. Each tube was scanned ten times
Therefore, the deformation in the region is a combination of theith still air cooling inbetween except one case indicated in the
shortening along the axial direction of the tube and the displacdiscussion section where forced air cooling was used. The CO
ment outward in the radial direction. laser system used has the maximum power of 1.5 kW. The power
Since laser bending of tubes is mainly made possible by thensity used is Gaussian distributifiransverse Electromagnetic
axial plastic shortening at the intrados via the above-mentiondtbde (TEM)yo). Laser beam diameter is defined as the diameter
mechanism, the tensile deformation at the extrados is much less
than that in mechanical bending. By properly adjusting process
parameters, the wall thinning at the extrados can be greatly fgple 1 The experimental and simulation conditions for laser
duced or nearly avoided. forming of tubes
For the same reason, the minimum bending radius is not deter- - -

mined by the tensile failure at the extrados in laser forming of | PE’\;’VV? Scszgzglg g;a: M;ng:agmnrg I}?/t;f

tubes. This means the elongation of the material and the outer (radls) | (mm) (dég)

diameter may no longer be the main factors affecting the mini- [ 780 1572635 | 11 180 143

mum bending radius as mentioned earlier for mechanical bending. '

Other parameters such as laser beam diameter may play a mord 2 | 780, 1200 | 1.57,2.63 | 11 180-322 143

important role in determining the minimum bending radius. 3 | 500-780 1.57 11 180 14.3
In mechanical bending, ovalization is caused by the external

force exerted by the be?wding die at the intrados Z\S well as the| * 780 1.57 113 270 14.3-28.5

significant tensile stress at the extrados as stated earlier. The oval-  * D is the tube outer diameter and ¢ the wall thickness
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at which the power density becomes?¢é the maximum power
value. The process parameters used in this work are shown in
Table 1, which are also used in simulation.

The deformation of the tube including the bending angle, wall
thickness change, extent of ovalization, and curvature were mea-
sured by a coordinate-measuring machine. To show the protrusion
at the intrados a Scanning Electron MicroscdB8&M) was used
to image the axial sectioning of the bent tube.

5 Numerical Simulation

In the model of the finite element analygBEA), nonlinear
analysis is used because of characteristics of the laser bending
process of tubes. In the creation of mesh seed, a cluster function is
used along the axial direction of the tube. Therefore, the width of
area with a denser mesh is larger than that using one way bias.
That is better for the tubing forming process associated with the
large beam diameter. The same mesh is created for both thermal
and structural analyses. In the FEA numerical simulation using
code ABAQUS, three-dimensional heat-transfer elements with Fig. 2 Simplified model of laser bent tube
eight nodes DC3D8 and continuum stress/displacement elements
with the same dimension and number of nodes C3D8 are used for

the thermal and structural analyses respectively. A user-defingskature distribution through the wall thickness direction. There-
subroutine is developed using FORTRAN to define the magnitugigre, the temperature ris& T, on the outer and inner tube sur-
of the heat flux generated by the laser beam for specific positiofgees of the scanned region can be assumed to be identical. The

which depends on the coupled laser power, beam diameter, sc@gngationAl,, in the axial direction of the tube caused by
ning speed, and scanning scheme. can be written as

The following assumptions are made for the numerical model-
ing. Heat generated by plastic deformation is small compared with Alih=aATI (1)

heat input by laser beam so that it can be neglected. A sequenfilere is the coefficient of thermal expansidrthe length of the

thermal-mechanical analysis, therefore, is used in the simulati¢yat affected zone in the axial directitffig. 2). As the flow stress

Heating and deformation are_syr_nmetrical about th_e scanned plaR&he heat-affected zone is greatly lowered by the temperature

and therefore only half tube is simulated. No melting occurs dufise  and the surrounding unheated material severely constrains

ing the laser forming process. The tube under analysis is isotropig expansion, the thermal expansion can be assumed to be con-

and work hardening material. The total deformation consists Qgrted into compressive plastic deformatids).

the elastic strain, plastic strain, and thermal strain. Figure 2 shows the geometry of a tube before and after laser
The boundary conditions used are as follows. No movemeggnding, and the forces and moment the tube is subjected to. It is

across the scanning plakglane of symmetrytakes place during assymed that only the top half of the tube is hedtaelt is, the

laser forming of the tubes. Surface free convectiprh(T — maximum scanning anglé,,,., is 180 deg The average strain of

—T°), whereh=h(x,t) is the film coefficient, and®=T°(x,t)  the scanned upper portion of the tube in the axial direction at the

the surrounding temperature, and radiatipa A((T—T?)*— (T° centroidO, can be written as

—T%%, whereA is the radiation constant antf the absolute

zero on the temperature scale used. The symmetric plane is under e :i_ ﬂ_ ﬁ o)

the adiabatic condition. ° aEs ZE; 2

§\7hereas is the area of upper portion of the tullg; the secant

rion. Plastic deformation of the workpiece follows the flow rule(?r-wdu'us‘Z Is the plastic modulus. Because the thermal induced
: P strain in the axial direction is near zero at the beginning and end

In this simulation, the isotropic hardening rule and its yield Iocugf the scanning, its average value thatig /2, is used in the

are adopted. Thne relatlonshlp between the flow stress_ and stralldfoulation. The strain of the unscanned portion in the axial direc-
given by o=Ce", whereo is the flow stressg the strainnthe 0. con be written as

work-hardening exponeng is the strength coefficient. The influ-

ence of strain rate on flow stress is also taken into accidint F M
Temperature dependent material properties, such as flow stress, Bus™ ™ asEs+ ZE. @)
thermal conductivity, specific heat, and Young’s modulus, are also )
considered in the numerical simulatiph2]. F andM are respectively
F=ATaasEl/2 4

6 A Simple Closed-Form Expression of the Bending
Angle
Although the necessity of FEM modeling has been recogniz

M =F(ds+dys) ®)
4¢hereds is the distance fron®s, to the interface surface between

and planned as described above, a closed-form expression for JigNNed and unscanned portions dpgis the distance from the
bending angle in a laser-bending process of tubes is derived. I{gs: the centroidal point of the scanned portion, to the interface
desirable to have closed-form solutions but only limited resulfi/lface between scanned and unscanned portions. The curvature is
can be obtained in many situations like in this case even a sumed to be constant along the curved region of the bent tube.
considerable simplifications are made. The closed-form expredl® Pending angle is caused by the strain difference between
sion depicts explicit dependence of the bending angle on proc&§@nned and unscanned portions and can be written as
parameters and material properties. I(eys—&s)

In laser bending of tubes, the ratio between the laser beam D= d
diameter and wall thickness of the tube is kept high, and the s Tus
scanning speed low in order to obtain a near homogeneous tedombining Egs(2) to (6), one obtains

6
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IATa [2ag(ds+d,e)
ap= - (7)
2(dg+dys) z
dg, dys andZ can be written as
D
ds= dus:; (8)
Z=D% 9)
7Dt
as=—5— (10)
whereD is the diameter of the tube. Therefore, Ef). reduces to
0.78ATa
apy=—F— (11)

The ratio v of the conductively dissipated power to laser inpu

power has been written §$4]
v= Bk (12)
wherek is the thermal conductivity, an@ and x are functions of

scanning speed and laser power, respectively. The simulation re-
sults agree with the experimental measurements, while the ana-
lytic solution displays a similar trend but different slope. The dis-
crepancies between the analytic and experimental/simulation
results are understood since simplifications were made in the deri-
vation of the closed-form solutiofEq. (16)). To help analyze
sources of the discrepancies, the valueBoénd n are adjusted
such that the curves are approximately superposed at the lowest
scanning speed in Fig.(®, and at highest laser power in Fig.
3(b). With increasing scanning speed, temperature in the heat af-
fected zone decreases. With temperature decreasing, absorption
coefficient decreases and thermal expansion coefficient and spe-
cific heat increase within the range of temperature examined. The
increase in the specific heat, however, nearly doubles that in the
thermal expansion coefficient. The combined effect of these
changes is to make the calculated result, which does not take into
gecount the temperature dependency of these properties, reduce
slower than the experimental and simulation res(fig. 3(a)).
When the laser power increases, the temperature increases. Simi-
lar to the analysis above, the slope of the calculated results is not
as steep as the experimental and simulation dRies 3(b)).

process parameters. Therefore, the heat energy generated by laseb  variation in the Wall Thickness. The simulated shape

for the forming can be written as

E=tPn(1-Bk") (13)

whereP is the laser powery the absorption coefficient of laser,

andtg the time period of laser scan and can be given as
21,

““Dbu

(14)

of a laser formed tube is shown in Figtbl and compared with
the undeformed one. Only half of the tube was simulated due to
the symmetry of the deformation about the scanning plane. It can
be seen that the material in the intrados moves outward in the
radial direction and shortened in the longitudinal direction as in-
dicated by the distorted mesh. The experimental and simulated
change in wall thickness is shown in Figiajt As expected, the

wherel, is the length of the heat affected zone in the circumfef@ximum thickening of less than 1 percent occurs at the intrados,
ence direction ana the scanning speed of the laser beam. Th&hile there is no appreciable thinning at the extrados. This is one

following equation, therefore, holds
E=ATlltpc, (15)

wheret is the wall thickness of the tubg, the density,c, the
specific heat. Comparing Egdl3) and (15) leads to

2P n(1-pk*)
ATIl= Tpcp (16)
Substituting Eq(16) into Eq.(11) one obtains
1.56aP 7(1— Bk*
. n(1—pk*) 17)

thwpcp
7 Results and Discussion

7.1 Bending Angle. Figures 3a) and 3b) compare the ana-
lytic, experimental and numerical results of the bending angle

25
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Simuiation
- Calculation
Power: 780 W
Beam diam: 11mm

Max scanning angle, 6__: 180 deg

2.0

1.0

Bending angle, o, (deg)

of the major advantages of the laser bending process of tubes. To
help understand the pattern of wall thickness variation, plastic
strain in the axial and radial directions at the outer and inner
surfaces are plotted in Fig.(). As seen, the amount of axial
compressive strain caused by thermal expansion is approximately
matched by the radial tensile strain as required by the rule of
volume constancy. Shown in Fig. 5 is a typical contour plot of the
radial plastic strain in the scanning plane.

7.3 Inner Surface of the Scanned Region. Figure 6 pre-
sents the experimental measurement, numerical results and a pho
tograph of the axial cross section of a laser-formed tube. It is
interesting to note that the inner surface of the scanned region
exhibits an outward bulge radially, which is counterintuitive, as
the region was thickened during the bending process. This can be
y&xplained by the vertical component of the circumferential stress

3.2+ ™

Experiment
Simulation
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Scanning speed: 1.57rad/s
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Max scanning angle,
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Fig. 3 Comparison of analytic, numerical, and experimental results of the bending angle vs. scanning speed

(a) and laser power (b) (tube outer diameter: 12.7 mm, wall thickness: 0.89 mm
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Fig. 4 (a) Variation of wall thickness and plastic strains in the radial and axial directions at the scanning plane
(power: 780 W, scanning speed: 1.57 rad /s, beam diameter: 11 mm, max scanning angle: 180 degree, tube outer
diameter: 12.7 mm, wall thickness: 0.89 mm )

indicated in Fig. 1a), which also explains why the axial plasticchanical bending of tubes, the magnitude of ovalization can reach
strain at the outer surface is smaller than that at the inner surfé&® percent for some bending processes without a mapélel

(Fig. 4. 7.5 Asymmetry. Figure 5 shows the formed tube is asym-

7.4 Ovalization of the Cross Section. Figure Ta) shows metry about the vertical axis. This is further shown in a top view
numerical and experimental results of ovalization of the bent tulie Fig. 8@a). It can be seen that the bent tube slightly tilts right-
vs. laser power used. The ovalization is defined &%, wards because the temperature at the end of scanning is higher
—Dpin)/D, whereD 5 and D, are the maximum and minimum than that at the beginning as shown in Figc)8Higher tempera-
deformed diameters, respectively, abds the undeformed tube ture produces more deformation in the axial direction. As a result,
diameter. As seen from Fig(h), at the beginning and end of laserthe centerline of the bent tube shifts rightward as shown in Fig.
scanning(about 1 deg and 180 dggthe outward displacement 8(a). It can be seen from Figs(® and(b) that the diameter of the
stated earlier is more intensive due to the stronger constraint fraeanned area increases because of thickening of the materials near
the surrounding material as compared to the middle region of teeanning.
scanning(about 90 depg At about 270 deg, the middle of the To overcome the asymmetry, one may employ different process
unscanned region, the radial displacement is about zero. Thguarameters or scanning schemes. One of the options is to scan
fore, the elongation in the horizontal direction is greater than thasing a varying angular speed. Increasing the scanning speed near
in the vertical direction and an oval cross section is formed. Withe end of the scanning can reduce the temperature there. Figure
increasing laser power, the situation just mentioned becomes m8(k) shows that the deformation becomes more symmetric. This is
pronounced and ovalization increases, although it remains muie to the more symmetric temperature along the circumferential
smaller than that seen in mechanical bending of tubes. In nairection affected by an empirically determined speed prdfilg.

8(c)). Another approach examined in this work is to use a two-

35
3.0
T 254
3
§ 201 = Experiment
‘g 1 —— Simulation
S 27 Expanded view Tube
©
S 104 nrew,
©
)
& o054 t
0.0 4 W l

—
-10 5 0 5 10 15
Distance from the scanning plane (mm)

Fig. 6 Simulation and experimental measurements of the pro-
truded intrados at the axial cross section (t: original wall thick-

Fig. 5 Contour of plastic strain in the radial direction (half  ness) and photograph of the protruded intrados (vertical /
tube shown due to symmetry about the scanning plane, defor- horizontal magnification =5:1) (power: 780 W, scanning speed:
mation magnification  X15, power: 780 W, scanning speed: 1.57 1.57 rad/s, beam diameter: 11 mm, maximum scanning angle,
rad/s, beam diameter: 11 mm, max scanning angle: 180 degree, 0,.a« - 180 degree, tube outer diameter: 12.7 mm, wall thickness:
tube outer diameter: 12.7 mm, wall thickness: 0.89 mm ) 0.89 mm)
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Fig. 7 (a) Simulation and experimental results of ovalization of the cross section at the scanning plane
(b) Simulation results of the radial displacements of the outer surface at the scanning plane (tube outer
diameter: 12.7 mm, wall thickness: 0.89 mm )
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Fig. 8 (a) Asymmetry of deformation, i.e., tilting rightwards as seen from this top view (half tube shown due to
symmetry about the scanning plane, magnification X20) (b) Improvement of symmetry by varying the scanning
speed (X20), and (c) Variation of maximum temperature under the conditions of the constant scanning speed (157

rad/s) and the varying scanning speed  (power: 780 W, beam diameter: 11 mm, max scanning angle, Oax - 180 deg,
tube outer diameter: 12.7 mm, wall thickness: 0.89 mm )

1500 segment scanning scheme, that is, first scanning from 0 to 90
100.] 18 degrees, and then from 180 to 90 degr@eg. 9). The variation of
] dis the maximum temperature obtained from this scheme is also
o £ shown in Fig. 9. As seen, temperature is more symmetric about
® 12004 ; ) . _ 114 £ the vertical axis, and as a result, the deformed shape is more
2 % symmetric, similar to the case shown in Figbg
§_ 1100 4 : 413 & ) ]
£ % \ o 7.6 Effect of the Maximum Scanning Angle. So far, only
‘1"' 1000 4 Outer surface (temp) 412 '€ bending results undeé,,,,=180 deg have been presented. The
s 900: - Inner surface (temp) . g effect of maximum scanning anglé,,,, on the bending angle is
1 =7 Scanning speed RO A shown in Fig. 10g). Under the conditions examined, the bending
8001 ) 0 angle increases with,,,, to a maximum value, before it drops. As
0 30 o 9 120 10 w0 a tube is laser bent, the material in the scanned region is shortened
Scanning angle, ¢ (deg) and the material of the unscanned region is bent by the moment

Fig. 9 Variation of maximum temperature under the two-
segment scanning scheme (0 deg to 90 deg and then 180 deg
to 90 deg) (power: 780 W, beam diameter: 11 mm, max scan-

caused by the shortening. With,,, increasing, the unscanned
region reduces. This makes the resistance against bending of this
region lower so that the bending angle rises. Wiggp, further

ning angle, @, : 180 deg, tube outer diameter: 12.7 mm, wall increases, the tube tends to be scanned along its entire circumfer-
thickness: 0.89 mm ) ence and as a result, the bending efficiency drops.
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Fig. 10 (a) Variation of the bending angle with the max scanning angle (tube outer diameter: 12.7 mm, wall

thickness: 0.89 mm ) and (b) Dependence of the bending angle on the beam diameter for different ratios of tube
outer diameter, D, to wall thickness, t (t=0.89 mm).
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Fig. 11 (a) Axial plastic strain on the outer surface at the intrados and curvature radius vs. distance

from the scanning plane (b) Average curvature radius of the bent tube vs. beam diameter for different
ratios of outer diameter vs. wall thickness (power: 780 W, scanning speed: 1.57 rad /s, maximum scan-
ning angle: 270 degree, wall thickness: 0.89 mm )

7.7 Beam Diameter, Tube Size, and Minimum Bending thickness ratioD/t. With increasing ratio, the bending angle de-
Radius. The influence of the laser beam diameter on the bendreases while the arc length of the curved region remain more or
ing angle is presented in Fig. @) for different ratios of the tube less unchanged. As a result, the curvature radius increases.
outer diameterD, to the wall thicknesst. The bending angle  For conventional mechanical bending, the minimum bending
decreases with increasing beam diameter because of the reduaeglilis is mainly governed by the elongation of the material at the
laser intensity. The bending angle also decreases with increasaxgrados and the tube outer diameter. For laser bending of tubes,
ratio D/t. As the ratio increases, the distance between the scanitiere is little elongation at the extrados and therefore the elonga-
and unscanned regions increases but the shortening of the scariwedis not a determining factor of the minimal bending radius. As
region remains approximately unchanged. As a result, the bending
angle decreases.

Shown in Fig. 11a) are the axial plastic strain at the intrados
and the curvature radius vs. the distance from the scanning plan: %

The curvature radius is the radius of curvature of the centerlineo ,, 1 = ) - 1000
a bent tube after scanning. As seen, the compressive plastic stra ¢ Curvature radius [}

occurs only over a short distance of about 7 to 8 ffess than the 30+ = Bending angle ] []

beam diameter of 11 mm and note the laser beam diameter i© .| = ¥ ¥
defined as the diameter at which the power density becomés 1/¢& . . i
of the maximum power at the beam centéris also seen that the 20 L]

curvature radius over this distance changes moderately. Based s ]
the observation, it is reasonable to use a single curvature radiL® | - ]
averaged over this distand€igs. 2 and 1(b)). In mechanical 10+ L
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bending, the deformation region is normally much larger and the® 1 ) - .

curvature radius varies over the region. J - * T s e
Figure 11b) shows the dependence of the average curvature 0+ T T T T T T T

radius on the laser beam diameter. As seen, the curvature radit ~ *© © 0 20 30 40 S 60 70 80 S0 100 110 120 130 140

increases with the beam diameter. This is because the dimension Number of scans

of the deformed area in the axial direction increases and thus m 12 Experimental results of the bending angle and average

arc length of the curved region. At the same time, the bendingiyature radius vs. number of scans (power: 780 W, scanning

angle decreases due to reduced energy inte(fSigy 10b)). Both speed: 1.57 rad /s, beam diameter: 11 mm, maximum scanning

result in rise of the curvature radius. It can also be seen from Fighgle: 270 degree, tube outer diameter: 12.7 mm, wall thick-

11(b) that the curvature radius increases with the outer diameteagss: 0.89 mm )
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seen from Fig. 1(b), the smaller the beam size, the smaller thdsymmetry of the bending process can be reduced by varying the
average curvature radius. But the upsetting mechanism of laseanning speed or employing a two-segment scanning scheme.
bending of tubes requires the beam diameter at least ten times of
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