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The Computation and
Measurement of Residual
Stresses in Laser Deposited
Layers

Laser metal forming is an attractive process for rapid prototyping or the rebuilding of
worn parts. However, large tensile stress may arise in layers deposited by laser melting of
powder. A potential solution is to preheat the substrate before and during deposition of
layers to introduce sufficient contraction during cooling in the substrate to modify the
residual stress distribution in the deposited layers. To demonstrate the value of this ap-
proach, specimens were prepared by depositing stellite F on a stainless steel substrate
with and without preheating. Residual stresses were computed by numerical simulation

J. M. Drezet a}nd measured.using the crack compliance method. For non-preheatgd specimens simula-
tion and experiment agreed well and showed that extremely high residual tensile stresses
M. Gremaud were present in the Ia§er melted mater.ial. By contrast, p.re-heated specimgns s.how hjgh
compressive stresses in the clad material. However, in this case the numerical simulation
CALCOM SA and experimental measurement showed very different stress distribution. This is attributed
PSE-EPFL. 1015 Lausanne. to out of plane deformation due to the high compressive stresses which are not permitted
Switzerland in the numerical simulation. A “strength of materials” analysis of the effect of out of plane

deformation was used to correct the simulation, Agreement with experimental results was
then satisfactory[DOI: 10.1115/1.1584493

known to the research community as can be seen by its absence
. . . . from a handbook on residual stress measurerhEptpublished

.Th¢ Laser Metal _Fo_rmlnng_vIF) process Is an innovative ap- recently. In the present paper the crack compliance method is
pllcatlon_of lasers W.'th industrial pmef‘“?" for small series prOOIUc(e'xtended to cope with both the discontinuous residual stress dis-
tion, rapid prototyping and the rebuilding of worn parts. In €sgjp, ion which is present in the preheated specimens and the
sence_layers are deposited to fqrm a part or build up a ;urfage iation in thickness. Experimental measurements are shown to
scanning a laser to melt metallic powder. An apparent limitatiofhynare well with numerical simulation for nonpreheated speci-
of_thls_ process is t_he very large tensile residual stresses which MA¥n but differ significantly for the preheated specimen. This is
arise in the deposited layers. However, one would expect that thigown to be due to out-of-plane deformation as a result of high
problem could be minimized or even eliminated by preheating thgmpressive stresses. An approximate strength of materials analy-
substrate to a high temperature before and during the depositiga js used to correct the numerical simulation for out-of-plane
process. To illustrate the feasibility of this approach, specimens @formation. The resulting stress distribution is then in satisfac-

the form shown in Flg 1 were prepared with and without preheqbry agreement with experimenta| measurement.
ing. From both numerical simulation and experimental measure-

ment it is seen that the stress state in the laser deposited matétial Specimen Preparation
may be changed dramatically from tension to compression by prethe pase plate for the specimens shown in Fig. 1 is a 100

heating. ) ) ) ) . mmx40 mmx3 mm section of stress relieved type 304 stainless
The numerical simulation assumes that the plate-like specimen

and claddingdeposited laygrremain plane and provides all com-
ponents of the stress state. In the experimental study only the
residual stresg(x) on the central planey=0) is measured and
this is the average stress across the thickness of the cladding or the
base plate. The stresseg(x) at y=0 tend to be the largest
stresses present. We believe that a comparison of this one mea & /
sured stress component with that from a numerical simulation ? 1.=2mm
should be sufficient to validate the simulation procedure or to T

1

1 Introduction

jat—— 2S5 = 97 mm (average) —p»

P4

Clad ‘

|

'X ‘7

indicate its limitations. omm Induction heated zone A tb-amm
After a brief discussion of the procedure used to prepare the /
specimens and the numerical simulation, the method used for re- g
sidual stress measurement is described. The approach which weQ Base /
refer to as the crack compliance method is explained in some * y

detail. It has been developed only in the past decade and appear: l I AU 4

ideally suited to the present problem. However, it is not yet well 10;nm Water cooled sample holder

Contributed by the Materials Division for publication in theURNAL OF ENGI-
NEERING MATERIALS AND TECHNOLOGY. Manuscript received by the Materials
Division June 10, 2002; revision received December 10, 2002. Associate Editor: S.
Mall. Fig. 1 Schematic diagram of the specimen
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y the strain gage on the surface of the clad layer and start cutting on

A the base plate. For our initial discussion a continuous residual
stress distribution over the cladding and base plate will be consid-

| ered. It is then convenient to work with dimensionless distances

by dividing the actual dimensions y, a by the dimension K
| +h). Later, in treating stress distributions which arc discontinu-
ous at the interface between cladding and base plate, the dimen-
H+h sionsh andH are used to obtain dimensionless distances.

y I Typically, with a single strain gage, residual stresses may be
obtained over the central 90—95% of a beam-like specimen. This
g (X) limitation arises because for very shallow cuts, strains are small

Yy and for both very shallow and very deep cuts, corrections have to

be made for the finite width of the cut and the effect of electric
8 discharge machining. However, for the purpose of the present
study this very simple experimental procedure should be adequate
X for validation of numerical simulation.
————— '—+—> The unknown residual stress distribution which is to be deter-
mined may be expressed in terms of a polynomial series, using
dimensionalized variables, as

g, ()=, AP;(X) (1)
j=0

- O ] whereA is the amplitude factor to be determined for ftreorder

I polynomial. The choice oP;(x) is dictated primarily by a desire

l to reduce the influence of truncational errors as the order or the

e D —-l H - polynomial series is increased. We have found that Legendre poly-

l nomials are superior to a power series in this respect. To obtain

I the coefficients of Eq(l) it is necessary to calculate the strain at

the location of the strain gage due to a residual stRgéx) for m

values of the dimensionless depth of eytwhere I<k<m. From

Fig. 2 Configuration used for stress measurement the field of linear elastic fracture mechanics, it is known that this
calculation may be carried out by applying the streg&) to the
faces of the cut as shown in Fig. 2. The direction of the loading

steel. Stellite F powder with a size distribution ranging from 45 t§hown corresponds to a tensile residual stress. We refer to the

90 um is used to produce the cladding. A 1.5 kW continuous wayrain produced by;(x) acting on the crack of lengta, as the

CO, laser beam of diameter 2.8 mm, the powder sug@ly/min) “compllancg"_cj(ak) and return later to discuss the calculation of

and a protective flow of Argof85 I/min) move across the surfacethese quantities. The strair{a,) may now be expressed as

in the y direction of Fig. 1 at a speed of 600 mm/min to deposit a n

layer about 2 mm thickin the z direction with a height of about e(a) = E ACi(ay) )

0.3 mm. The laser and powder supply are switched off for the =

return traverse in the-y direction at 2500 mm/min. The lower 10 F . . . b . .

mm of the base plate is held in a water cooled sample holdgP" convenience in computation, H@) may be rewritten in ma-

while the top 10 mm is inside an induction coil. A thermocouple 4 form as

the center of die heated zone is used to control the temperature of [ClA=¢ 3)

the base plate while a pyrometer is used to measure the temperﬁ- . -

ture of the molten pool. With no preheating the number of layel¢N€reA is an (1+1)x1 column vector of the coefficients;,

was limited to 40 to avoid cracking due to tensile stresses and is themx(n+1) compliance matrixCy;, ande is them

resulting height of the cladding is about 12 mm. With induction + column vector of the measured strains

heating at 800°C, 67 layers were deposited and the resultindln principle if the number of strain measurementsequalsn

height is about 19.5 mm. The induction heating is turned off im: 1+ the unknown coefficient#; may be obtained. In practice,

mediately after the last laser trace. |mpr0ved estimates are ob_talned if the number of cut deptfe
Based on the process parameters and the material propertfddch strain is measured is much greater thanl.

numerical simulation as described in Appendix A was carried out |N€ Problem is now over-determinednt-n+1) and the

to predict residual stresses for the nonpreheated and prehed&ih0d of least squares is used to determineAthom experi-
specimens. mental values ok (ay) and the computed complianc€s(ay). It

may be shownj4] that this leads to

3 Residual Stress Measurement [CIT[CIA=[C]"e 4

The approach we use for residual stress measurement invol$gdving for A yields:
measuring strain at a selected location while a cut of progressively _ T 1T
increasing depth is introduced into a part. This approach intro- A={[CIICICl'e ()
duced by Cheng and Finni®] in 1985 has been applied to aOnce the compliance matrix is obtained and strain measurements
number of plane and axisymmetric configurations and extensivelye available, manipulation can readily be carried out on a per-
validated[3]. For the case of the specimen shown in Fig. 1 theonal computer using standard software to study aspects such as
stressoy (x) for y=0 may be obtained by locating a strain gage athe convergence of the solution as the order of the polynomial
shown in Fig. 2 and cutting from the opposite side, preferaberies is increased. The time consuming aspect of the crack com-
using electric discharge wire machining. This figure shows ti@iance method is the computation of the compliance matrix.
strain gage on the lower face of the base plate of Fig. 1 with theFor simple geometries we have obtained compliances using
cut started in the cladding. However, it is also possible to mouptocedures based on linear elastic fracture mech@bjasghile for
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Fig. 3 Procedure used to calculate compliances for piecewise functions

near surface stress measurements we have obtained compliaspesimen which had known residual stresses introduced by bend-
for locations near a slot of finite width using the body forceéng. The piecewise solution led to result which was virtually iden-
method[6]. However, for the present specimens finite elemettical to that obtained using continuous functions.
methods were used to obtain compliances. The extensive amount
of numerical computations required before experimental measure- . . .
ments can be converted to residual stresses may well be the regsonResults of Experiment and Simulation
why this approach, which appears obvious once explained, hasthe first test on a nonpreheated specimen followed the configu-
only been implemented in the present era of generally availallgion shown in Fig. 2 with a foil strain gage attached to the
inexpensive high speed computation. _ bottom of the base plate. Shortly after cutting was started using
The approach discussed so far is based on a continuous ste@gstric discharge wire machining with a 0.25 mm diameter wire,
distribution and is able to handle rapidly varying stresses such @&grack propagated deep into the cladding. No analysis is required
seen in the nonpreheated specimen. However, for the preheatededuce that very high tensile stresses are present. The test was
specimen there appears to be a discontinuitj(x) at the inter- repeated successfully using another specimen which had a strain
face which is found to be more pronounced than that for thgage attached to the top of the cladding with cutting starting in the
nonpreheated specimen. The discontinuity in stress is likehase metal. Strains were recorded for 52 depths of cut. As shown
caused by the sudden change in width across the interface andi#hgig. 4, both piecewise functions and continuous functions give
difference in thermal properties of the deposited layers and thgtisfactory agreement with the numerical simulation. The range
substrate. The magnitude of the discontinuity is expected to igf error in the measured stress, as shown in Fig. 4, is estimated to
crease with the thickness of the deposited layers. For this case ffgeabout 6% in the substrate and about 10% in the cladding. It can
continuous functions did not lead to a convergent solution as thg seen that the order n of the Legendre polynomial series re-
order of the polynomial series was increased. To cope with thigiired for a convergent solution is much less for piecewise func-
situation we have used separate polynomial series for the claddifiths than continuous functions. As pointed out earlier, the use of
and the base plate. Convergence of the solution as will be showaingle strain gage will not lead to reliable prediction outside the
becomes very rapid but extensive additional computation is rgentral 90—95% of the normalized distance. However, the general
quired. The procedure will be described for a cut starting in theynclusion to be drawn from Fig. 4 is that the numerical simula-
cladding but could equally well be applied to a cut started in theon is providing satisfactory prediction. Extremely high tensile
base metal with a strain gage on the top face of the claddingresses are present near the top of the laser clad material.
Three steps as shown in Fig. 3 are required for what will be For the preheated specimen a strain gage was attached to the
termed the “piecewise solution.” back of the base plate and strain measurements were made for 59

a. Calculate compliances for the cladding alone as shown §PthS of cut. As with the nonpreheated specimen, the piecewise

Fig. 3@). Using these compliances leads to rapid Conveﬁglutlon_contvergedt f[?]p'qbt’ afnd ascs:eetr_l in F|g.f5, s?owed asu?tfjeln
gence of the predicted stresses in the clad region. change in stress at the interface. Continuous functions cannot fol-

b. Calculate a set of compliances for the cut extending into tﬁ%w this sudden phange of stress an_d in additio_n did not lead to a
base plate as shown in Fig(t3. These compliances corre-COnvergent solution for the stresses in the cladding. The numerical

spond to the polynomials acting only in the clad region. Th imulation is in rea_so_nable agreement wit_h measured stresses i_n
strains for different depths of cut in the base plate, due %e base _plate but is in poor agreement with measured stresses In
stresses in the cladding are then obtained from @g. e cladding. However, examination of_preheated specimens re-
These strains are subtracted from the measured strainsv?@ls out of plane distortion of the cladding, and to a lesser extent

obtain strain values for determination of stresses in the bat base plfate. Th's typ.e of dgformgmon which 1S not permltteq In
plate. e numerical simulation will relieve the high compressive

c. Calculate a set of compliances for the base plate usingStc‘S(':'SS(':‘S in the outer layers of .the cladding. An approximate
polynomial series for the base plate and solveApmusing strength of material type of analysis was made to correct the simu-
the modified strains obtained in step B lation for the distortion of the specimen in tzedirection and is

' presented in Appendix B. As can be seen in Fig. 5, the corrected

The preceding procedure was validated using data obtained frorsimulation is in satisfactory agreement with the measured stresses.
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Fig. 4 Predicted and measured values of () for a nonpreheated specimen. The order  n of
the Legendre polynomial series is shown in parentheses.
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Fig. 5 Predicted and measured values of o ,(x) for a preheated specimen
5 Conclusions in the substrate and about 10% in the cladding, which may be

The residual stresses in laser metal forming may be chang%ﬂimat?d usi_ng an Euclidean norm on errors in st_rain measure-
from tension to compression by preheating. Further work is rdl€nt, dimension measurement, numerical computation and analy-
quired to determine the relation between preheating conditiofs- Numerical modeling of plate-like specimens is simplified by
and the resulting residual stress state. The residual stress par&#siuming plane deformation. Predictions for specimens with high
to the cladding-base metal interface may show a discontinuitgnsile residual stresses show good agreement with experiment.
The experimental method we have developed to measure residdawever, high compressive residual stresses can be relieved by
stresses has been modified to deal with such a stress distributiout. of plane deformation of plate-like specimens. In the present

The error in the measured peak stress is expected to be aboutditly the simulation was corrected for this behavior using a
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strength of materials analysis based on the deformation measure@he points that belong to the symmetry plaze-Q) are free to
on a specimen. A more general predictive approach to this prabeve in their plane. The piece is assumed to lay on a fixed tool;

lem would be desirable. the contact in between is treated by interfacial contact elements.
This allows the piece to deform freely.
Appendix A The computation domain includes the liquid stellite, the mushy

zone (temperatures between liquidus and solidaed the solid
Numerical Modeling of LMF. The aim of the present model part. The liquid metal is assumed to be incompressible and fluid
is to assess the influence of the process paraméttadding. motion is neglected. The temperature dependence of the elastic
speed, substrate shape and temperature, cooling conditions, @enstants and the dilatation coefficient for stelftare taken into
on the thermomechanical behavior and residual stresses for a laggount. In the mushy zone, these parameters are linearly interpo-
clad part. The model accounts for the coupled thermal and miated between their values in the liquid and solid based on calcu-
chanical effects: the temperature gradients induce thermal stredggen of volume fraction.
which deform the piece and these stresses are relaxed at higfihe time dependence of viscoplastic deformation usually shows
temperatures by creep. In order to predict the residual stress statee distinct stages: a primary creep phase during which the creep
and the possible tendency of the piece to develop cracks, transiiie rapidly decreases, a secondary phase with a nearly constant
three dimensional thermomechanical computations are carried otgep rate and finally the stage just before rupture. At high tem-
for a region which increases as material is deposited. perature, the primary stage is neglected and the viscoplastic be-
The computation domain corresponds to one half of the spebvior of the solid is assumed to be given by the internal variable
men since the mid-plane£0) is assumed to be a plane of symimodel of Rosselét The constitutive equations of the model were
metry from the thermal and mechanical points of view. During th&@mplified in order to take into account only the high temperature
LMF process, the incoming flow of matter is modeled by thsteady state creep behavior of the stellite which is a function of
activation of successive elements and layers. The temperaturghgf stress and the temperature:
the new volume element is set to that of the liquid pool formed .
under the laser beaif1750°Q and the rate at wﬁich r?ew layers de,p/dt=functiono,m,T)
are introduced corresponds to one third of the cladding speegl, is the equivalent stress of Von Mises and the incremental
because the thickness of the added layer is 3 times larger tharviscoplastic deformation tensor is given by

reality. _
The temperature is predicted by solving the heat conduction 0g,p=3/2:(de,p/dY)- gq/oym- St
equation: where the deviatoric stress tensor is defineddy= o—tr(g)

pCS&T/&t* div(k-VT)=0 E/S With o the stress tensart (¢) the trace of the tensor arE

the identity tensor.
wherek is the thermal conductivityp is the density, and is the The finite element program ABAQUS was used to perform the
temperature fieldcg is the equivalent specific heat which achumerical computations. It allows complex viscoplastic behavior
counts for the latent heat released during the liquid-solid phage materials and flexible boundary conditions to be specified
transition. The thermal problem is solved in the whole domaithrough user-subroutines. Successive layers of elements can be
i.e., the substrate and the added matter. The boundary conditiédéled to simulate the evolution of the piece. The fully coupled

that are specified at the surfaces are as follows: heat transfer/stress analysis is performed using 8 node brick ele-
) ) ) ments, linear in displacement and temperature. The nonlinearities
* the plane of symmetry is adiabatic introduced by the material propertiéxeep and latent heahave

* the thermal flux between the specimen and the specimgBen treated by a Newton-Raphson integration scheme; at each
holder corresponds to a heat transfer coefficient of 5Qfine step, iterations, with an updating of the material characteris-
W/m*K and a sink temperature of 20°C tics, are made until both thermal and mechanical equilibrium are
the thermal flux from the middle 20 mm of the base plate folaached within the tolerances set by the user.

the preheated specimen and the top 30 mm for the nonpre-The rectangular block shaped finite element used for computa-
heated specimen is by convection with ambient @eat tjon had a length of 4 mm in the y direction of Fig. 1 and a height
transfer coefficient of 10 W/AK and sink temperature of in thex direction of 5 mm in the base and | mm in the clad. In the

20°C . . . z direction only one half of the configuration shown in Fig. 1 is
« the t?ermal flux due to induction heating is equal to 82,50Q,0deled. A single layer of elements of width 1 mm in theli-
W/m rection is used in the clad. In the base one layer of elements with

« on other surfaces, heat losses are negle@erb heat flux  \idth 1 mm is located in line with the clad and another outer layer

After the last layer has been added to the model, the inductiQFWidth 0.5 mm is used to complete the half width of the base

heat flux is set to zero and the whole piece cools down to 20°@'ate.
With the assumption of instantaneous equilibrium, the variation
of the internal stress tensafg during a time intervalgt, is ob-
tained in terms of the external force field variatioﬁj, by solving  Appendix B

the following incremental equation: .
Influence of Out-of-Plane Deformation on Computed Re-

div og+of=0 sidual Stresses. In the numerical simulation discussed in Ap-
pendix A, out-of-plane deformatiofin the z direction on the
mid-plane ¢=0), shown in Fig. 1, is not allowed and thus the
mid-plane remains flat during the computation. However, if the
vp! cladding or specimen contains high compressive stresses, these

dg=0get Ogint Og,p may be relieved by out-of-plane motion. As will be shown, this
type of deformation may have a dramatic effect on the predicted
residual stress distribution.

The incremental deformation tensée is assumed to be a super-
position of elastic, thermal and visco-plastic componefts,
Sep and de

The elastic deformations are related to the internal stresses
Hooke’s law o= (D) dg., where (D) is the stiffness matrix
defined in terms of Young’s modulds and Poisson’s ratio. The

. - Rosselct, A., “Material Behavior Modelling for Use in Simulation of Solidifica-
thermal deformations are related to the local temperature Var{%n Processes,” COST 504 conference “Advanced Casting and Solidification Tech-

tion, 8T, through the equatiods;=a— 6T~ 6;; wherea is the  nology,” 1994, Espoo, Finland, 12-13 September 1994. See also Rossclet A., COST
linear expansion coefficient angj; is the Kronecker symbol. 504, Round Ill, Project CH2 Final Report, Sulzer Innotec Ltd., Winterhur, Nov. 1995.
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«— R (1-cos 6)

Fig. 7 lllustration of radius R produced by “flattening” the

cladding
Fig. 6 Out of plane deformation observed in mid section of the . .
preheated specimen However, the lower surface of the cladding after flattening be-
comes curved as shown in Fig. 7 with a profile given by

y=R.0

The nonpreheated specimens are flat but by contrast the pre-
heated specimens show two modes of out-of-plane deformation
which are most pronounced at the centgr=Q) of the specimen. ) . o o .
First the base plat and clad region show curvature as indicatednwhich a is the inclined angle shown in Fig. 6. The radius of
Fig. 6. Second, the clad material “leans” outward from the cent&urvatureR aty=0 is thus given by
of curvature by an angle shown in the same figure. 72

R= 1/

tana

x=R¢(1—cosh)tana= Rc( 1- cosRl
C

Since the out-of-plane deformation occurs only within a region — =R/ /tana (B3)
about 5 mm on each side of the central plane, the change of the ay?
stressA o, should be maximum at the central plane and vanishesg; . .o cladding and base plate must have compatible defor-

at a distancs=5 mm from the central plate. The variation of themation along their interface, internal momerits, must arise as

stfress changao, may be represented by an even quartic funCtiOQhown in Fig. 8. The solution can only be approximate and we
of y,

2 4
%) +C(c)(§) (B1)

Aoy(X,y)=A(X)+B(x)
’ M M
whereA, B, andC are coefficients which are functions of ondy.
It is seen that the maximum stress change is givel\(). The | .
other two coefficient®(x) andC(x) can be determined from the Cladding
conditions aty=s, i.e., ;
X

J
Aoy(y=s,x)=0 and EAay(yzs,x)zo y

Using Eg.(B1) the relation between the average stress change
Ao ,(x) over the region—s<y=<s and maximum stres8(x) is
found to be

15
)

In what follows the average stress chanje,(x) is first esti-
mated and the maximum stress chaAgg) at the central plane is
then obtained using E@B2).

Consider the out-of-plane deformation in the central region of M M
the specimen as shown in Fig. 6, in which the average local radii
of curvature of the base plate and the cladding are denoted by
subscriptd andc, respectively. We now conceptually separate the
specimen along the interface and flatten each part. The top surfagg 8 Internal moments required for compatible deformation
of the lower part which corresponds to the base plate remains flatinterface

A(x) Aay(X) (B2)

Base plate
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and

. 2s
"l ‘ A—6=(S—s)s/(R.— 5)=(S—S)Ri since 6<R,

C

et~ O

; A For the measured valu&s=48.5 mm,s=5 mm, A=0.5 mm, we
obtainR,=460 mm.
2S Sincel . /1,=(t./ty) (h/H)3 the maximum stress in the central
plane can be found by substituting E&4) into Eq. (B2). For E
Re =207 GPa we find that the stress at the mid playe @) at the

top and bottom surfaces of the cladding shown in Fig. 8 changes

Fig. 9 Out of plane deformation observed at mid-height of by +295 MPa, \_/vhile at the interface a_md lower surface of the_ base

cladding plate (at y=0) it changes by approximatelz47 MPa. For this
idealized model the stress varies linearly across the clad and the
base.

Since the stresses quoted represent the change of the stress
assume thaM is an average moment over the lengtls<y=<s. when the out-of-plane deformation is removed, a correction of the
the elastic modulus, is almost the same for clad and base platstress distribution obtained by numerical simulation can be made
If 1. andl,, are the moments of inertia for clad and base for elastiy superposition of these stresses with a reversed sign. Figure 5

bending shows a comparison of the residual stresses computed by numeri-
M M cal simulation with and without the out-of-plane deformation and
—+—=1R results obtained directly by measurement. The numerical simula-
Elp  Elc tion allowing out-of-plane deformation leads to a satisfactory
which leads to agreement with the measurement.

The approach presented is based on the observed “tilt” of the

_ Elclp cladding with respect to the base plate combined with the curva-
R(l¢+1p) ture associated with the out-of-plane deformation. The change of
the stress is found to be dominated by bending. Near the interface
the stress change is expected to be much more complex and re-
quires a more detailed analysis than can be provided by a strength

and the average bending stresses over the lengiay=<s in the
cladding and the base plate

Mh/2 —Elph/2 of materials solution. Nevertheless, the present analysis demon-
Aoa(¥)=———(1-2x/h)= m(l—zﬂh) strates that neglecting out-of-plane deformation in numerical
¢ ctb simulation may lead to a considerable error in computing stresses
for x<x<h when a significant residual compressive stress is developed in a
(B4) part which may not be exactly symmetric and is flexible in the
~ MH/2 x—h out-of-plane direction.
Aoap(x)= TR
b
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