SECTION B4.5

PLASTIC BENDING
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B4.5.0 Plastic Analysis of Beams

Introduction

The conventional flexure formula f=Mc/! is correct only if the
maximum fiber stress is within the proportional limit. |In the plastic
range, the assumption that plane sections remain plane is valid while
the stress corresponds with the stress~strain relationship of the
material,

This section provides a method of approximating the true stress
which depends upon the shape and the material properties, It is noted
that deflection requirements are investigated when using this method
since large deflections are possible while showing adequate structural
strength,

The method outlined in this section is not applicable if the member
is subjected to high fluctuating loads.

The following glossary is given for convenience:

Simple bending: This condition occurs when the resultant applied
moment vector is parallel to a principal axis,

Complex bending: This condition cccurs when the resultant applied
moment vector is not parallel to a principal axis,

Development of the Theory

A rectangular cross section will be used in this development; any
other symmetrical cross section would yield the same results.
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B 4.5.0 Plastic Analysis of Beams (Cont 'd)
f
da max
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{d} Stress-Strain Curve

{Tension and Compression)
Figure B4.5.0-1

Since the bending moment of the true stress distribution about
the neutral axis is greater than that of a linear Mc/I distribution as
used in the elastic range, a trapezoidal stress distribution is used to
approximate the true stress distribution. f,,5, may be defined as a
yield stress, a buckling stress, an ultimate stress or any other
stress level above the proportional limit.

Let £, be a fictitious stress at zero strain in the trapezoidal
stress distribution as shown in Figure B4,5.0-2, The value of f,
may be determined by integrating graphically the moment of (not the
area of) the true stress distribution and equating this to the bending
moment of the trapezoidal stress distribution,
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B 4.5.0 Plastic Analysis of Beams (Cont'd)

max

max max /

_ g £ £ c L

o
Stress
f
f max
max Strain fmax
() True Stress (b) Trapezoidal Stress (c) Stress Strain Curve
Figure B4. 5. 0-2
Mba = Allowable bending moment of the true stress distribution for a
particular cross-section at a prescribed maximum stress level.
Mb c
a ©ogies Mc . .
Fy = I = Fictitious allowable stress or the bending modulus
of rupture for a particular cross-section at a prescribed
maximum stress level.
I £ I . X
Mbt = ——fmax + (2Q- «F) fo = The bending moment of a trapezoidal
stress distribution that is equivalent to
My,
a

Where for symmetrical sections,

c
I = f yz dA (moment of inertia)
=c
c
Q = '/O. y dA (static moment of cross-section)

C = Distance from centroidal axis to the extreme fiber



B 4.5.0 Plastic Analysis of Beams {Cont'd)

Therefore, from Fp, =

Where,

k =

2Qc
I

My, ©

I

Fp = fmax + (k-1)f,

we obtain:
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(4.5.0-1)

(4.5.0-2)

Two types of figures are presented for plastic bending analysis,

One type presents Bending Modulus of Rupture Curves for Symmetri-

cal Sections at yield and ultimate (Reference Section B4, 5. 4},

The

other type presents Plastic Bending Curves (Reference Section B4, 5.5)
which are necessary for the following:

1)

2)

3)

significantly different,

Unsymmetrical cross-section.

Limiting stress other than yield or ultimate,

Tension and compression stress strain curves which are

Figure B4,5.0-3 shows values of k for various symmetrical cross-

sections.

Generally, validity of the approach has been shown only

for typical aircraft sections which are geometric thin sections.

Flanges
Only

Thin Tube

k- 1.27

Hourglass

k:1.33

Rectangle

k 1.5

Hexagon

Solid Round Diamond

SHAPE FACTOR

Figure B4.5.0-3
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B4.5.1 Analysis Procedure When Tension and Compression Stress-

Strain Curves Coincide.

B4.5.1.1 Simple Bending about a Principal Axis---Symmetrical

Sections.

The pfocedure is as follows:

1.

Determine k by Equation (4, 5. 0-2) or by the use of Figure B4.5.0
- 3.

For yield or ultimate limiting stress, use the Bending Modulus of
Rupture Curves (Fp vs. k - see section B4.5.5 for index) to
determine Fy,.

For a limiting stress other than yield or ultimate, use the Plastic
Bending Curves (See section B4.5. 6 for index). Locate the limiting
stress on the stress-strain (or k=1) curve and move directly up to
the appropriate k curve to read F}, for the same strain.

Fy from Step 3 and f},, the calculated Mc/I stress, may be used
in determining the bending stress ratio for combined stresses
and the margin of safety for pure bending as follows:

£y
- — 4.5,1.1-
Ry, o (4.5.1.1-1)
M.S. = L 1 (4.5.1.1-2)
"Ut T RR(S.F.)

Where: S.F. is the appropriate (yield or ult) safety factor

B4.5.1.2 Simple Bending about a Principal Axis---Unsymmetrical

Sections with an Axis of Symmetry Perpendicular to the
Axis of Bending

This procedure also applies to any section with bending about one

of its principal axes.
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B4.5.1.2 Simple Bending about a Principal Axis---Unsymmetrical

Sections with an Axis of Symmetry Perpendicular to the
Axis of Bending. (Cont'd)

The procedure is as follows:

1.

Divide the section into two parts, (1) and (2), on either side of the
principal axis (not the axis of symmetry) similar to that shown in
Figure B4.5.1.2-1.

Calculate:

kl =

(4.5.1.2-1)

where I; is the moment of inertia of part (1) only about the principal
axis of the entire cross-section, This would be identical to k of a
section made up of part (1) and its mirror image, Figure B4.5.0-3
may be used where part (1) and its mirror image form one of the
sections shown,

Calculate similarly:

Q%2

12
Assuming part (1) is critical in yield (or crippling, ultimate, etc.)
use the Plastic Bending Curves and locate this stress on the stress-
strain ( or k=1) curve. Move directly up to the appropriate k curve
and read Fy for the same strain.

ko = (4.5.1,2-2)

Read the strain €1,

Calculate:

_€1%2

€2= =g (4.5.1.2-3)

Locate ¢, on the strain scale and move directly up to the appro-
priate k curve to read sz

Calculate Mba by

FpyI1 | Fppl2

Mp, = —eT ¥ o3 (4.5.1.2-4)
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B 4.5.1.2 Simple bending about a principal axis--
unsymmetrical sections with an axis of
symmetry perpendicular to the axis of
bending. (Cont'd)

9. Mp_ mustbe used in determining the moment ratio for bending and
andathe margin of safety for pure bending as follows:

M
Ry, = 11 (4.5.1.2-5)
ba
1
WS. = —— . 4.5.1.2-
M. S RG] 1 (4.5.1.2-6)

Where: S.F. is the appropriate (yield or ult) safety factor
|

(1)

/—Ibrincipal Axis
AR

Figure B4.5.1.2-1
B4.5.1.3 Complex Bending--Symmetrical Sections; Also Unsymmetri-
cal Sections with One Axis of Symmetry,

This condition occurs when the resultant applied moment vector
is not parallel to a principal axis as shown in Figures B4.5.1. 3-1 or

B4.5.1,3-2, y
M : M

Y
|
I X _ / - X
- 4(:.0. - C.G.
I
|
Y

y

Unsymmetrical Section
with one axis of symmetry

Figure B4.5.1. 3-1 : Figure B4.5.1, 3-2

Symmetrical Section
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B 4.5.1.3 Complex Bending-- Symmetrical Sections; also
Unsymmetrical Sections with One Axis of Symmetry.

The procedure is as follows (this procedure is always conservative and
may be very conservative for some cross-sectional shapes):

1. Obtain M, and My, the components of M with respect to the
principal axes.

2. Follow the procedure outlined in Section B4.5.1.1 or B4.5.1.2
to determine Ry, and Ry
bx y

3. Rp= be + RbY (4. 5.1, 3-1)

4. For pure bending,

1

M8 = BT

1 (4.5.1,3-2)

Where:
S. F. is the appropriate (yield or ult) safety factor.

B4.5.1.4 Complex Bending--Unsymmetrical Sections with No Axis
of Symmetry

This condition occurs when the resultant applied moment vector is
not parallel to a principal axis as shown in Figure B4, 5.1, 4-1,

t y M

x' (Principal axis)

J——- x(Ref. axis)

I \ y'(Principal axis)
y(Ref., axis)

Figure B4.5.1.4-1
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B 4.5.1.4 Complex Bending-- Unsymmetrical Sections with no
Axis of Symmetry.

The procedure is as follows:

1. Determine the principal axes by the equation
tan 2 9 = ~—d_— (4.5.1.4-1)

where x and y are centroidal axes and

2
I, = fy dA {Moment of inertia)
2
IY = x dA {(Moment of inertia)
Ixy:fxy dA (Product of inertia)

2. Obtain Mx' and Myl, the components of M with respect to the
principal axes.

3. Follow the procedure outlined in Section B4. 5.1, 2 to determine
Ry,_, and Rbyr

Xl
4. The stress ratio for complex bending is

Rb = be| + Rbyl (4.5.1,4-2)

5. For pure complex bending, the margin of safety is

1
M.S. = ———— - 4,5.1,4-3
S s (%5 )

where:
S. F. is the appropriate {yield or ult) safety factor.
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B4.5.1.5 Shear Flow for Simple Bending About a Principal Axis--
Symmetrical Sections

When plastic bending occurs, the classical formula SQ/I is correct
only for cross-sections with k=1. 0, For k greater than 1.0, SQ/I is
unconservative., The derivation of a correction factor §3 SQ/I is as
follows for an ultimate strength assessment:

t |
Vo2 Al
c < F —_—
i L
o
Cross-Section Stress Distribution

Figure B4.5.1.5-1

Let P = load on cross-section between y and ¢

c
P= f tfdy‘
Y

From the geometry of Figure B4.5.1.5-1

y
£ = £y + (fmax - fo) =

C C
t
'ffotdy+f (fnax -fo)—g—dy
y y

Let A= area of cross-section between y and ¢

ftdy then,
y

.'- P

>
1]
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B 4.5.1.5 Shear Flow for Simple Bending about a Principal
Axis-- Symmetrical Section. {(Cont'd)
Ay . -
P=f, A+ (fmax - f5) . and since Q=AY,
Q Q ‘
P= fmax (T)+ fo (4~ =) (=)
From Equation (4.5.0-1)
Mc
Fb =fmax+fo k -1} = T then,
< dM dfnnax dfo (k - 1)
I dx = dx t I -
Since, by definition, S = dM/dx and g = dP/dx,
c dfnlax dfo
E—(S): T 1+ 17 (k ~1ﬂ and from (a), (b)
max
df
B max Q dfo dfmax Q
4 T odx < t a7 dx T ¢
max
- | 1+ (e/y - 1)
Let A,_.dfoldfnuucand B = Ty k1) then,
df
max Q Q
K ‘T[’? ”(A'?ﬂ (e)
But since from {b): df /dx:—si-/ [1 +Xx (k- 1)] (d)
max I

and substituting (d) into (c) we have

_(SC)/Q)[I-i-)L(Ac/Q-Iﬂ
4 =\T Ve ) [T+x (- 1]

Since Q

1l
oS
=

4= 8
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B 4.5.1.5 Shear Flow for Simple Bending about a Principal
Axis~-- Symmetrical Section, (Cont'd)

The method outlined below shows how to correct SQ/I and calculate
the margin of safety for simple plastic bending about a principal axis
of a symmetrical section,

The procedure is as follows:
1. Determine Mc/I

2, Determine k by Equation (4. 5. 0-2) or by the use of Figure
B4.5.0-3,

3. Refer to the applicable Plastic Bending Curves and locate
Mc/I on the F}, scale. - Move across to the appropriate k curve
to read the true strain, ¢.

4, By use of the sfress,-strain {or k'= 1) curve and the fo curve,
' determine the rate of change of {, with respect to f at the true
strain ¢, which would be expressed as

af df /de
Q (s}

37 = T (4.5.1,5-1)

A=

5. To determine the shear flow at any point on a cross-section,
determine the distance from the principal axis to the centroid
of the area outside of the point in question as $hown in Figure
B4.5.1.5-1., This is defined as V.

6. Determine the shear flow at distance ''a'' from the principal

axis by
SQa
Q; = B T (4.5.1.5-2)
where,

" 14 (/T - 1) |
A= 1+ (k-1) (4.5.1.5-3)

C .
Q, = j; y dA (4.5.1.5-4)
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B 4.5.1.5. Shear Flow for Simple Bending about a
Principal Axis-- Symmetrical Section. (Cont'd)

7. Calculateff Spax (fg) ao0% (q/t)a _ 0 and the stress ratio is
s
max
R, = N (+.5.1,5-5)
$
8. For the margin of safcty with purce bending and shear use
] :
M.S. = — -1 (4.5.1.5-6)
2
s.F)JRE + RS
9. For the margin of safety with axial load, bending and shear
use
1 .
M.S. = - — -1 (+.5.1.5-7)
(S. F. N®y, + R,)* + RS,
where,
fa
Ra = Fa

S. F. is the appropriate (yield or ult} safety factor,

B4.5.1.6 Shear Flow for Simple Bending About a Principal Axis--
Unsymmetrical Section with an Axis of Symmetry Perpen-
dicular to the Axis of Bending

A procedure similar to that shown in Section B4, 5.1, 5 for Figure
B4.5.1. 6-11is as follows:

1. Divide the section into two parts, (1) and (2), on either side of
the principal axis (not the axis of symmetry) similar to that
shown in Figure B4.5.1.2-1,

2. Calculate:
Q¢

L (4.5.1.2-1)

ky =

where I; is the moment of inertia of part (1) only about the
principal axis of the entire cross-section. This would be
identical to k of a section made up of part (1) and its mirror
image. Figure B4.5.0-3 may be used where part (1) and its
mirror image formaone of the sections shown.
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B 4.5.1.6 Shear Flow for Simple Bending about a Principal

Axis-- Unsymmetrical Section with an Axis of

Symmetry Perpendicular to the Axis of Bending.
3. Calculate similarly:

Q c :
272
kp =L, (4.5.1.2-2)
Mc Mc2

4, Calculate T and I

5. Refer to the applicable Plastic Bending Curves and locate

M
°1 on the Fp scale. Move across to the appropriate k

I (use k;) curve to read the true strain e;.
- 1%
6. Find ey, similarly, or by e 2= ——— (4.5.1,2-3)
1

7. By use of the stress-strain {(or k = 1) curve apd the fo curve,
determine the rate of change of f with respect to f for the
true straine) which would be expressed as

(dfO df_/de |
MeEErp \a@re ) _ (4.5.1.6-1)
8. Calculate similarly:

af_ difde
: =(—-——-—)Z = ———-——) 4,5,1,6-2)
N2 =\Gr af/ac /2 (

9. To determine the shear flow at any point on a cross-section,
determine the distance from the principal axis to the centroid
of the area above or below the point in question as shown in
Figure B4,.5.1.6-1. This is defined as y, or V.

10. Determine the shear flow in part (1) at distance '""a'' from the
neutral axis by

sQ_
Qy = Ba(-—l-—) (4.5.1.6-3)
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B 4.5.1.6 Shear Flow for Simple Bending about a Principal
Axis-- Unsymmetrical Section with an Axis of
Symmetry Perpendicular to the Axis of Bending.

1
1-+h1 —_ .1
ya

Ba = 7 T (4. 5.1, 6-4)

where,

£1
Q f ydA (4.5.1.6-5)

a

11. Determine the shear flow in part (2) at distance ''b'"" from the
neutral axis by

‘ SQb
9, = By T (4.5.1. 6-6)

where,

(4.5.1,6-7)

Qp = fz ydA (4.5.1. 6-8)
b ‘

12, For the shear flow at the principal axis, calculate q using both
parts of the cross-section and use the larger. A rigorous
analysis could be made so that shear flow calculations at the
neutral axis would result in the same value regardless of
which side was used in the calculations. This would involve
determining the amount of transverse shear distributed to
each side of the neutral axis. If the bending moment is
developed entirely from external shear, then the shear distri-
buted on each side is proportional to the corresponding mo-
ments and Equations (4.5.1. 6-3) and (4.5.1. 6-6) become as

follows:
= B 1% here Sy = T S, M i
qa = a Il where 1= Ml T MZ » 1= Cl

(See B4.5.1,2)
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B 4.5.1.6 Shear Flow for Simple Bending about a Principal
Axis-- Unsymmetrical Section with an Axis of

Symmetry Perpendicular to the Axis of Bending.

5,Q M F I

27b 2 b 2
9, = Bb where S, = ——— 5, M_= 2

I2 2 Ml -[-Mz . 2 C2

(See B4.5,1.2)

l ‘ ; _ _ t l Principal axis
. : %,
¥ J \\\\\\\\\\\ f

- tZ -
Figure B4.5,1, 6-1

9, 9%
13, Calculate fs = o and fs = —— to obtain the shear

a -1 b 2
ratios: £
®a
R = (4.5.1. 6-9)
S, Fs
fsb'
R_ = (4.5.1. 6-10)
S
14, For the margin of safety with pure bending and shear use
M.S. = 1 -1 (4.5.1.6-11)
(S. F. )\A;Z + RZ

where:

S. F. is the appropriate (yield or ult) safety factor,
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B 4.5.1.6 Shear Flow for Simple Bending about a Principal
Axis-- Unsymmetrical Section with an Axis of
Symmetry Perpendicular to the Axis of Bending.
(Cont'd)

15. For the margin of safety with axial load, bending and shear use

M.S. = -1 (4.5.1. 6-12)

S.F. is the appropriate {yield or ult) safety factor.

B4.5.1.7 Shear Flow for Complex Bending--Any Cross-Scction

The procedure is as follows:

1. Determine the principal axes by inspection or, if necessary,
by Equation (4.5.1.4-1),

2., Obtain S, i and Sy, the components of S with respect to the
principal axes. The principal axes are denoted by x' and y'
as indicated in Figure B4.5.1.4-1,

3. Follow the same procedure of Section B4,5.1.6 about both
principal axes to obtain the shear stresses fsx' and fsy,
- at a prescribed point.

4, The shear stress ratios at this point are
fsx[
Rg 1 = Fy _ (4.5.1.7-1)
fsy!
Rsy| = F, (4.5.1.7-2)

5. For the margin of safety with complex bending and shear use

M.S. = L _1 (4.1.5.7-3)

[2 2
S.Fa /Ry + R
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B 4.5.1.7. Shear Flow for Complex Bending-- Any Cross-
Section. (Cont'd)
where,
2 2
R 2‘/;5:&‘ + Ry | - (4.1.5.7-4)

S. F. is the appropriate (yield or ult, ) safety factor,

6. For the margin of safety with axial load, complex bending and
shear use

M.S. = 1 -1 (4.1.5.7-5)

s.l?.\/(jl]3 + Ra)z + Rz

B4.5.2 Analysis Procedure When Tension and Compression Stress-
Strain Curves Differ Significantly

This may occur in materials such as the AISI 30l strainless steels
in the longitudinal grain direction where the tensidn stress-strain curve
is higher than the compression curve.

B4.5.2.1 Simple Bending about a Principal Axis--Symmetrical
Sections

T t t
c £
N. A N. A °¢ p

i P.A - - - o
- - - t
4\
c

f f

c c
(a) Section (b) Strain (¢) True Stress (d)Trapezoi-

dal Stress

Figure B4.5.2.1-1
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B 4.5.2.1 Simple Bending about a Principal Axis-- Symmetrical
Sections. (Cont'd)

F
Tension tu
f
Compression
€u €

(e) Stress-Strain Curves
Figure B4.5.2.1-1 (cont. )

The procedure for a symmetrical section such as that in Figure
B4.5,2.1-11is as follows:

1. Determine k by Equation (4. 5. 0-2) or by the use of Figure
B4.5.0-3. '

2, For yield or ultimate limiting stress, use the Bending Modulus
of Rupture Curves to determine F}. The correction for shift-
ing the neutral axis away from the principal axis by A has
been taken into account in the development of the curves.

Note Step 8.

3. For a limiting stress (or strain) other than yield or ultimate,
" use the Plastic Bending Curves. Locate the limiting stress
on the appropriate {tension or compression) stress-strain

(or k=1) curve and call this f] at €, with its trapezoidal inter-

cept fOl' Note Step 9.
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B 4.5.2.1 Simple Bending about a Principal Axis-- Symmetrical

Sections. (Cont'd)

Locate the neutral axis which would be some distance A from
the principal axis toward the tension side. This may be
difficult to determine, but trial and error type formulae are
provided in Figure B4.5.2.1-2 for several symmetrical cross-
sections. See Example B4, 5.4.1 for typical procedure in
detérmining A, ¢,, 3, {55, k), and kp. Note that kj and ko
are with respect to the neutral axis.

Find Fy,, and F}., for ¢, and ¢, using the correct values of
b 2 1 2
k) and kp which may or may not be equal.

Calculate I} and I3, the moments of inertia of the elements
with respect to the neutral axis of the entire cross-section.

Calculate My, by
a

Fb1 L sz Iz
Mb = + (4.5.2.1-1)
a . C]. . Cz

For cases as in Step 2, Fb may be used with fy,, the calculated
Mc/1 stress, in determining the stress ratio for bending and
the margin of safety for pure bending as follows:

f
. b : .
R.b —--‘.571;- . (4.5.2.1-2)
1 ‘
» - = - 4. . . -3
M. S 5. F.) R’ 1 (4.5.2.1-3)

where:
S.F, is the appropriate (yield or ult) safety factor,
For cases as in Step 3, M, mustbe used in determining the

moment ratio for bending and the margin of safety for pure
bending as follows:

= . (4.5.2.1-4)
Rb Mba . ‘

-1 (4.5.2,1-5)



FORMULA (Correct Assumption of A Required to

STRESS
k CROSS-SECTION| DISTRIBU TION Satisfy the Equality of the Equation)
" = — Calculation of Anot required. Modulus of rupture is
1.0 f fma.x equal to the limiting value of stress.
:: max t
2
s Na ] g :%7ﬂnax 1oy [28rL o a2, ]_3A R UPRR
y P.AN\C fmagi [ o, YT 6 op ¥ T ‘maxg|T 77 oc T3 tmaxc
N. A, f :7fmax
1.5 [ Sy o ot t {(Emax, + for) (1-8) = (fmax_ + fo ) (1 +4)
P. 4. f e o _
t
c
f A A
L A L . (l—A)IQ% (().%23..—3-)+fmaXt (0- 7698 --gjlz
. f
- c
P.A. [ o] A
\_/ e t fOC[A(2.3094 - B)+ 0.9623] +0.7698 £,
{ A/ ™ 23V1/2 . -1
‘ max [fot - m(frﬂaxt a fot)] [_2— - A (1 - A ) - sin A
L, . N.A fo ;f E[fmaxt - fot](l 2)3/2 i A ¢ £
* P'KU C[ Ot +3 1 -aAa -4 - OC+ 1+A(ma‘xc_ OC)
i 1/2 f f 3/2
max b 2 L=l E maxc - 10¢ 1. 2
c I:Z+A(1-A) + sin A]+3[ T+ A ](A
NA | I 1
_:% o, [Zmax i o2, =1 [fc ti, (2 +6A- BAZ)]
2.0 P.A. fma)% . Ot (‘i 'Ad) c

TRIAL AND ERROR FORMULAE FOR SHIFT OF NEUTRAL AXIS IN MATERIAL WHOSE

TENSION AND COMPRESSION STRESS-STRAIN CURVES DIFFER SIGNIFICANTLY

FIGURE B4.5.2,1-2
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B4.5.2.2 Simple Bending about a Principal Axis--Unsymmetrical
Sections with an Axis of Symmetry Perpendicular to the

Axis of Bending

¥

The procedure is as follows:

1. Locate the neutral axis which would be some distanceA from the
principal axis toward the tension side by a method similar to that
outlined in Example B4.5,4.1 for symmetrical sections. This will

require the derivation of an expression relating A, fmaxt’ fOt’

fmax » and £ oc by use of the equilibrium of axial loads due to the
bend1ng stress distribution. This expression is likely to contain
higher powers of Aand the solution for A can best be obtained by
trial and error using the stress-strain (or k = 1) and f, curves.
Refer to Example B4. 5.4, 2 for typical procedure.

2. Now, follow the identical procedure to that of Section B4.5.1,2
with the exception of using the neutral axis instead of the principal
axis. Remember that Fy on the compression side is obtained
from the compression Plastic Bending Curves.

B4.5.2.3 Complex Bending--Symmetrical Sections; also Unsymmetri-
cal Sections with One Axis of Symmetry

Refer to Section B4. 5.1, 3 and follow the identical procedure except
for Step 2 which is expressed as follows:

2. Follow the applicable procedure outlined in Section B4.5.2.1
and/or B4.5.2.2 to determine Ry, and Rby‘

B4.5.2.4 Complex Bending--Unsymmetrical Sections with No Axis of
Symmetry

Refer to Section B4.5.1.4 and follow the 1dent1ca]. procedure except
for Step 3 which is ¢xpressed as follows:

3. Follow the procedure outlined in Section B4, 5, 2, 2 to deter-
mine Ry, and Ry
X y
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B4.5.2.5 Shear Flow for Simple Bending about a Principal Axis--
Symmetrical Sections

Refer to Section B4. 5.1.5 and follow the identical procedure with
the following exception:

If shear flow is being determined on the tension side, use the
tension Plastic Bending Curves in the evaluation of A for Equation
(4.5.1.5-3). The compression side is considered similarly using
the compression Plastic Bending Curves.

B4.5.2.6 Shear Flow for Simple Bending about a Principal Axis--
Unsymmetrical Sections with an Axis of Symmetry Per-
pendicular to the Axis of Bending

Refer to Section B4.5,1. 6 and follow the identical procedure with
the following exceptions:

If shear flow is being determined on the tension side, use the
tension Plastic Bending Curves in the evaluation of )} for Equations
(4.5.1. 6-1) or (4.5.1.6-2). The compression side is considered
similarly using the compression Plastic Bending Curves.

B4.5.2.7 Shear Flow for Complex Bending--Any Cross-Section

Refer to Section B4, 5.1.7 and follow the identical procedure except
for Step 3 which is expressed as follows:

3. Follow the same procedure of Section B4. 5. 2. 6 about both
principal axes and obtain the shear stresses f, , and fg | at

. . %! —
a prescribed point,

B4.5.3 The Effects of Transverse Stresses on Plastic Bending

The elastic and plastic portions of stress-strain curves for com-
bined loading do not correspond to those of the uniaxial curves due to
the effects of Poisson's ratio. The plastic bending curves depend on
the magnitude and shape of the stesss-strain curve of a given material,
Therefore, under combined loading the plastic bending curves may
have to be modified if the uniaxial stress-strain curve is significantly
affected.
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B 4.5.3 The Effects of Transverse Stresses on Plastic Bending.

When modification of the plastic bending curves is necessary, the
procedure is as follows:

1. Modify the uniaxial stress-strain curve by Section A3.,7.0.

2, Determine and construct the modified plastic bending curves,
Fy, vs e. Refer to Section B4. 5, 0 for the theoretical back-
ground; the f  curve must first be plotted and then k curves

constructed by the use of Equation (4. 5. 0-1).

B4.5.4 Example Problems

B4,5,4.1 A Diamond Cross-Section of AISI 30l Extra Hard (2%
Elongation) Stainless Steel Sheet Is Subjected to Pure
Bendji;g in the Longitudinal Direction at Room Temperature.
Find the Shift in Neutral Axis (A) from the Principal Axis
When the Limiting Stress Is (a) Fy, and (b} F,. {(Fty is
Is Not Used Since Fty > Foy. ) o

Reference the Minimum Plastic Bending Curves on page 133 and

134.
tc,n:uon side

a) F, = 200 ksi a
‘ ta N A, /\ AN

€ . 020 in, /in, - - P A.

£
Ot

146 ksi
From Figure B4,5,2.1-2 use the equation for determining
Awhen k = 2 {for a diamond)}.

1 2
ft+2f0t="_T[fc+fo (2+6A-34a")]
(1-a4a7) ¢
By trial and error, equality is reached within 0. 8% when

A is assumed equal to 0.187c as shown below:
From Equation (4.5.1.2-3)

€12 or St S
52— Cl €c = Ct

0.020 x 1.187c . )
€. = ~S13c = 0, 0292 in, /in.
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B 4.5.4.1 Example Problem B 4.5. 4. ] (Cont'd)

From the stress-strain {(k=1) curve page 135 at ¢

C -
fC = 149 ksi 7
foc= 107 ksi
Therefore,
1
200 + 2 x 146 ® ——— [ 149 + 107(2 + 6 x 0.187
—2
> 1 - 0.187
-3x0.1877 )
492488
(b} foy = 97 ksi
€. = 0.00575 in, /in.
foc =27 ksi

From Figure B4.5,2.1-2, use the equation for determining
A when k = 2 (for a diamond).

1 ‘ 2
fo+2f, = —-—-—Z—[fc+foc(2+6A-3A)]
t o -a)

By trial and error, equality is reached within 0. 60% when
A is assumed equal to 0. 024c as shown below:

From Equation (4.5.1.2-3)

_ 1% or = _ €c St
€ 2= Cl = Et = CC
¢, = 00?17%2}(42' 976C _ 4. 00548 in. /in.
From the stress-strain (k=1) curve page 132 at €
f, =121 ksi
fO = 16. 5 ksi
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B 4.5.4.1 Example Problem B 4.5.4.1 (Cont'd)

Therefore,

121 +2 x 16, 5% —-—L—-—z-[‘?'? + 27 (2 + 6x0. 024
1-0.-024

- 3x0. 0249
154~154.93

B4.5.4.2 Calculate the Ultimate Allowable Bending Moment About
the Principal Axis for the Built-Up Tee Section Shown.
The Flange Is in Compression and the Crippling Stress
Is 60 ksi. The Material Is AISI 301 1 Hard Stainless
Steel Sheet at Room Temperature with Bending in the
Longitudinal Grain Direction,

Since the longitudinal tension and compression stress-
strain curves are significantly different, the procedure of
Section B4. 5. 2. 2 will be followed.

For ultimate design, crippling is the limiting stress
rather than F .

tension
F..= 60 ksi i
F 114 1. ‘
rom page N.A. 1
0.05 L—-, L. p.a|
€. =0. 0046 in, /in. & 1 lL 0.345

f =27 ksi [ ___I 1 Jl___f
c . Py

A trial and error equation for shifting the neutral axis from
the principal axis toward the tension side is determined by equat-
ing the load on the tension side to the load on the compression
side. (See Section B4,5.2,.2):

f + f F + 1
t Ot cc oc 1
e\ = e\ ———— +(_2_- . 05) F_
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B 4.5.4.2 Example Problem B 4.5.4.2 (Cont'd)

Equality is reached within 0. 70% when A is assumecd cqual to
0. 065:

0
1l

0.345 + & = 0.410 in.

c
t

l -c =0.590 in.
C

Using Equation {4.5.1.2-3)

ct 0.0046 x 0.590 ) )
€, = S = 7a10 = 0, 00662 in. /in,

From page 112 at ¢,

)
1]

113 ksi

Lme
Il

38 ksi

Substitution of these values into the above trial and error
equation results in equality within 0, 70%.

Section properties about the neutral axis:

3
2tce —3
I - t . 2x0.05x0.590 - 0. 006845 in, *
t 3 3
—_2 .3

Q = tc = 0.05x0.590° = 0.01740 in.
- 9t 0.01740 x 0.590 s

S T 0. 006845 =t

(which checks with Figure B4.5.0-3 for a rectangle)
2tc

2 3
C t Z2x0. 05x0. 410
IC = 3 + 2 x 0.450t (CC - -—2—-—) = 3

+ 2x0, 450x0. 05x0, 3852 = 0. 008967 in. 4
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B 4.5.4.2 Example Problem B 4.5.4.2 (Cont'd)
2 t —_—2
Q =tc +2x 0,450t (cc - -—) = 0.05 x 0.410” + 2x0. 450
c C 2
x 0.05 x 0.385 = 0. 02572 in. 3
Lo 2 o.oes72x0.40 | o
c - I - 0. 008967 -

From page 112 using € and kt

fb = 132 ksi
t
Let's check this value by numerically evaluating Equation
(4.5.0-1).
_ +. - 1) fOt =113 + (1.5-1)38 = 132 ksi (check)

t

From page 114 using ¢ c and kc
F = 64.5 ksi
C

Calculate the ultimate allowable moment by Equation (4. 5. 1. 2-4)

I F I
EE’t t b 132x0. 006845

Mbult = c, + Ce - 0. 590

64.5 x 0.008967 2.94 in. - kips . {(answer)
0. 410 -

B4.5.4.3 Find the Shear Flow at the Neutral Axis of the Example
' Problem B4.5.4. 2 If the Transverse Shear, (s), Is
Equal to 5 kips. and the Bending Moment Is Equal to the
Ultimate {2, 94 in-kips. )

Shear flow at the neutral axis should be determined by using
the section properties from each side of the neutral axis. The
larger of the two shear flows should be (conservatively) used.

The procedure of Section B4. 5, 2. 6 and consequently Section
B4.5.1. 6 will be used.
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B4.5.4.3 Exawple Problem B4.5.4.3 (Cont'd)

Shear Flow From Tension Properties -

The required section properties already known from example
B4.5.4.2 are:

0. 006845 in. 4 (tension side only)

—
i

0. 008967 in.4 (compression side only)

—t
It

I = It + 1. = 0.015812 in. 4
c, = 0.590 in,

Q= 0. 01740 in, 3

ky= 1.5 (rectangle)

€= 0.00662 in. /in.

From the stress-strain (k=1) curve on page 112 at

(gﬁ) =7 ksi/, 001
de 1

t

(dfo)
a‘l =8 ksi/. 001
Using Equation (4. 5.1, 6-1)
df df /de
WA
1 "\af 1 df/de

)LI:—7— =1,14

1

Using Equation (4, 5.1, 6-4)

» c
1 +11(~_3- ; )
ya

T+x, (k; - 1)

By=

— Cy
Ya= =5 = 0,295 in.
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B 4.5.4.3 Example Problem B 4.5,4.3 (Cont'd)

Lenag 220 )
' =1.36

Ba= 1 +1.14 (1.5 - 1)

Shear flow at the NA from Equation (4. 5.1, 5-2)

B, s
qa_ e I
. 01740 )
q, =1.36 %L = 7. 48 kips/in.

Note that the conventional —8—9
formula is 36% unconservatlive
here.

Shear Flow From Coi‘npression Properties

The required section properties already known from example
B4.5.4.2 are:

I = 0. 015812 i.n._4 (Reference Page 82)
¢ = 0.410 in,
C
.3
QC = 0. 02572 in.
k =1.17
c

€.~ 0. 0046 in. /in.

From the stress-strain (k = 1) curve on page 114 at ¢ c

(if) = 4.6 ksi/. 001
de 2

dfo
(-—-—) = 5,0 ksi/. 001
de 5
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B 4.5.4.3 Example Problermn B 4.5,4. 3 (Cont 'd)

Using Equation (4.5.1.6-2)

af (df /de
N - T G T

5.0
)_2: —4--:—6— =1,09

Using Equation (4.5.1. 6-7)

c
2
l+7t2(ry:‘- —1>
b

3 —
Po TN, g - 1)
T Qb Qc
h = — =

Ab AC
Ac = 2[0.05 {0.410 + 0.450)) = 0. 086 in. 2
— 0. 02572 . .
yb = W = 0. 2.99 1.

0.410
L1 oo 220 )

=1.18

Pp = 1 +1.09(1.17 - 1)

Shear flow at the NA from Equation (4.5.1. 6-6).
SQb

Q, - ﬁb i

5x 0,02572 o )
1.18 ROETF = 9. 6 kips/in.

9b

5Q

Note that the conventional ——
formula is 18% unconservative
here.

The larger shear flow should be used which is

q = 9.6 kips/in.



Section B4,5
February 15, 1976
Page 32

B4.5.5 Index for Bending Modulus of Rupture Curves for Symmetrical
Sections

These curves provide yield and ultimate modulus of rupture values
for symmetrical sections only. For materials with significantly dif-
ferent tension and compression stress-strain curves, the necessary
corrections for shifting of the neutral axis are already included. In
the case of work hardened stainless steels in longitudinal bending with
all fibers in tension {as in pressurized cylinders), the transverse
Modulus of Rupture Curves are applicable.

It is recommended that MIL-HDBK-5 or other official sources be
used for allowable material properties. Where these values correspond
directly to the values called out on the graphs of this section, the modu-
lus of rupture values are applicable as shown.

Where material allowables vary with thickness, cross-sectional
area, etc., only one or two Modulus of Rupture Curves are presented.
Therefore, for material properties slightly higher or lower than those
used in the given curve, the modulus values may be ratioed up or down
(provided the % elongations are practically the same).

B4.5.5.1 Stainless Steels - Minimum Properties

Page
AISI 301 1/4 Hard Sheet HRTY oo v v v v oo 39
AISI 301 1/2 Hard Sheet (RT) e e . 40
AISI 301 3/4 Hard Sheet (RT) . ....... ... 41
AISI 301 3/4 Hard Special Sheet (RT) ........... 42
AISI 301 Full Hard Sheet (RT) ..o v v vn .. 43
AISI 301 Extra Hard Sheet (RT) . . i
AISI 321  Annealed Sheet (RT) « ..o v vn 45
e , . .
AM: 355 Sheet, Forging, Bar and Tubing (RT)...... 16
ke . . .
" AM 355 Special Sheet, Forging, Bar and Tubing
(RT)....... v e et et e et sy e . L7

*(RT) - Roomm Temperature.
AW et

.TJY-.-( "4“‘(»{3 C,tua.\\q l_-‘a,_;
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B4.5.5.1 Stainless Steels - Miniﬁum Properties
Page
17-4 PH Bar and Forging (RT). . ... .. .. .. . 48
17-7 PH ~ Fey = 180 Kksi (RT) e v v oo oo ee e e 4
17-7 PH Fty=210ksi(RT)......... e e © 50
PH 15-7 Mo (THI050) Sheet . . . . ... ... e e e 51
PH 15-7 Mo (RH 950} Sheet . . . . ... ... e e e ___52
19-9 DL (AMS 5526) & 19-9 DX (AMS 5538). . . .. 53
19-9 DL {AMS 5527) & 19-9 DX (AMS 5539). . ... S
B4.5.5.2 Low Carbon and Alloy Steels * - Minimum Properties
AISI 1023-1025 (RT). v v v v v v v e e e e e e v e 98
AISI Alloy Steel, Normalized, Fy, = 90 ksi (RT). ... 99
AISI Alloy Steel, Normalized, Fy, = 95 ksi (RT). ... 100
AISI Alloy Steel, Heat Treated, Fi, =125 ksi (RT). . . 101
AISI Alloy Steel, Heat Treated, Fi, = 150 ksi(RT). . . | 102
AISI Alloy Steel, Heat Treated, Fy, = 180 ksi(RT). . . __ 103
AISI Alloy Steel, Heat Treated, Fy, = 200 ksi(RT). . . 104
B4,5.5.3 Heat Resistant Alloys - Minimum Properties
Stainless Steels. . v .t v v v v it i e e e e e e Se¢ Page 32
A-286 Alloy-Heat Treated (RT) ... ...... e 119
K-Monel Sheet--Age Hardened (RT) ... ... ... ... 120
Monel Sheet - Cold Rolled and Annealed (RT) ... ... 121
Inconel-X (RT) .. .. v v v v v v v v v v v o e s e e e e
B4.5.5.4 Titanium - Minimum Properties
Pure Annealed (RT) . . . .. .. .. i i v i v s 129
Ti-8 MN (RT) « v v v vt e e e e e e e e e e e 130
Ti-6 Al =4V (RT) .. .o v v v v v v ... e e e e e 131
Ti-4 Mn - 4 AL(RT). . o v v vt et e e i it e e e e e v v . 132

*Alloy Steels include AISI 4130, 4140, 4340, 8630, 8735, 8740, and 9840.
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Page
B4.5.5.5 Aluminum - Minimum Properties

2014-T6 Extrusions (RT) . .............. R
2014-T6 Forgings (RT). « . v« v v v v vt v v e e v v e e e 140
2014-T3 Sheet and P(late, Heat Treated .

Thickness — . 250 in, (RT). . ... .. e e e e _ 141
2024-T3 & T4 Sheet and Plate, Heat Treated,

Thickness .250< .50in. (RT). ... ... .... 142
2024-T3  Clad Sheet and Plate (RT) . v v o v v v v v v v 143

2024-T4 Clad Sheet and Plate (RT} . . . « v v v v v v o . 144
2024-Té  Clad Sheet - Heat Treated and Aged (RT). ... 145
2024-T81 Clad Sheet - Heat Treated, Cold

Worked and Aged (RT) ... .. .. e e e __11-1-6
6061-T6 Sheet - Heat Treated and Aged (RT) . ... ... 147
7075-T6  Bare Sheet and Plate (RT). . . . . ......... 148
7075-T6 Clad Sheet and Plate (RT) . . . .. ... ... ... : 149
7075-T6 Extrusions {(RT). . ... .. e e e e e e e e e e 150
7075-T6 Die Forgings (RT) . .......... e e e 151
7075-T6 Hand Fc;rgings 2 TP 152
7079-T6 Die Forgings - Transverse (RT) ... ...... 153
7079-T6 Die Forgings - Longitudinal (RT)......... 154
7079-T6 Hand Forgings - Short Transverse (RT). . ... 155
7079-T6  Hand Forgings - Long Transverse (RT). .. .. 156
7079-T6 Hand Forgings - Longitudinal (RT). ... ... 157
B4.5.5.6 Magnesium-Minimum Properties ”
AZ b6lA Extrusions (RT) ... ¢ 0o v v v i vt v v v oo
AZ 61A Forgings (RT). .. ... ... e e e e e e e e 197
HK 31A-0 Sheet (RT) vt v v vt v it e v veeeea s e ens 198
HK 31A-H24 Sheet (RT) « v o v v v v et e e r e eeeenn ..
ZK 60A - Extrusions (RT). « v v v v v v v v e v v v v v c.

ZK 60A Forgings (RT). . . v v v v v i v ittt e it v v e 201
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B4.5.6 Index for Plastic Bending Curves

These curves represent modulus of rupture values relative to
the stresg-strain curve for a section on either side of the neutral
axig, These curves are particularly useful for unsymmetrical
sections and when the allowable stress is other than yield or ulti-
mate for symmetrical or unsymmetrical sections,

For materials with significantly different tension and compres-
sion stress-strain curves, Plastic Bending Curves for both are
presented., When the difference is slight, the Plastic Bending
Curves for the lower stress-strain curve only are presented.

It is recommended that MIL-HDBK-5 or other official sources
be used for allowable material properties, Where these values
correspond directly to the values called out on the graphs of this
section, the modulus of rupture values are applicable as shown.,

Where material allowables vary with thickness, cross-sectional
area, etc., only one or two Plastic Bending Curves are presented.
Therefore, for material propertics slightly higher or lower than
those used in the given curve, the modulus values may be ratioed
up or down (provided the % elongations are practically the same).

Stress directions called out in the headings of the Plastic
Bending Curves apply only to stress caused by pure bending. The
bending modulus for compression is higher in the transverse grain
direction (in fact, slightly higher than the tension modulus}) than in
the longitudinal grain direction, for the AISI 301 stainless steels.
Separate curves are therefore presented for AISI stainless steels
in the longitudinal compression.
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B4.5.6.1 Stainless Steels-Minimum Properties
Page
AISI 301 1/4 Hard Sheet  #(RT).......... 55-58
AISI 301 1/2 Hard Sheet (RT) . v vve v v _59-6hk
AISI 301 3/4 Hard Sheet  (RT)........ . 65-70
AISI 301 3/4 Hard  Special Sheet (RT). . . .. 71-74
AISI 301 Full Hard Sheet {(RT) . . . v v v v v v .. 75-78
AISI 301 Extra Hard Sheet (RT) . . ......... - 79-82
AISI 321 Annealed Sheet (RT). . . v o v v v ... 83-84
AM 355 Sheet, Forging, Bar and Tubing
(RT) v o vt e i e e e e et e e
AM 355 Special Heat Treated Sheet
Forging, Bar and Tubing (RT). .. ...
17-4 PH Heat Treated Bar and Forging .
(RT) oo v et e e 87
17-7 PH Fty =180 ksi (RT). .. .o v v v v .. 88-89
17-7 PH Fey =210ksi (RT). v oo n e vn v e 90
PH 15-7 Mo ... ... .. .. “ e 91-93
19-9 DX & 19-9DL . . . . . o e e e e 94-97
B4.5.6.2 Low Carbon and Alloy Steels*-Minimum Properties
AISI 1023-1025 (RT). . . ... v . . .. C e e e . 105-106
AISL Alloy Steel, Normalized, Fyy = 90 ksi
(RT) « v o e et e i e e e a s o 107-108
AISI Alloy Steel, Normalized, Fy, = 95 ksi
(RT) o e et et e e e e e e e e e e 109-110
AlISI Alloy Steel, Heat Treated, Fy, = 125 ksi
(R,T) -------------- . . L I ] ]-] ]3
AISI Alloy Steel, Heat Treated, F¢, = 150 ksi
(RT) . ..... e 114

(RT) - Room Temperature.

#%k  Alloy Steels include AISI 4130, 4140, 8735

4340, 8630,

, 8740 and 9840,
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B4.5.6.2 Low Carbon and Alloy Steels - Minimum Properties (Cont'd)

Page
AISI Alloy Steel, Heat Treated, Fy, = 180 ksi
(RT) oo v e e e e 115-116
AISI Alloy Steel, Heat Treated, Fygy = 200 ksi
(RT) « e ee e e e e e ee e 117-118
B4.5.6.3 Corrosion Resistant Metals-Minimum Properties

Stainless Steels
A-286 Alloy - Heat Treated (RT)
K-Monel Sheet - Age Hardened (RT)
Monel Sheet - Cold Rolled and Annealed (RT)
Inconel-X (RT)

B4.5.6.4

Titanium-Minimum Properties

Pure Annealed (RT)
Ti-8 Mn (RT)
Ti-6 Al-4V (RT)
Ti-4 Mn-4 Al (RT)

---------------------------

B4.5.6.5 Aluminum-Minimum Properties
2014-T6 Extrusions (RT) ... ... ... ... ...
2014-T6 Forgings (RT). . . .......... e
2024-T3 Sheet and Plate, Heat Treated,
Thickness< .250 in. (RT). ... ... ..
2024-T3 & T4 Sheet and Plate, Heat Treated,
Thickness .250 to , 50 in. (RT). . .. ..
2024-T3 Clad Sheet and Plate (RT). ... .. .
2024-T4 Clad Sheet and Plate (RT) « o v . . . . ..
2024-T6 Clad Sheet - Heat Treated and
Aged(RT) .. ...... ..., e
2024-T81 Clad Sheet, Heat Treated, Cold
Worked and Aged (RT) . ..........
6061-T6 Sheet - Heat Treated and Aged (RT) .
7075-T6 Bare Sheet and Plate (RT). . ... ....

---------------------------

-------------

......

-------------------------

----------------------

-----------------------

......................

123
126

127-128

133-134

135-136
138

158
160-161

162-163

es

166~167
168~169

170-171

173
_174-175
176=177
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B4.5.6.5 Aluminum - Minimum Properties (Cont'd)

. Page
7075-T6 Clad Sheet and Plate (RT) . ... . . .. ..... 178=«179
7075-T6 Extrusions (RT). . . .. .. ... e 180181
7075-T6 Die Forgings (RT) . . .. .. ..o v v v . 183
7075-T6 Hand Forgings (RT) . . v v v v v v v v v v v v 185
7079-T6 Die Forgings (Transverse) (RT). ....... 186
7079-Té Die Forgings (Longitudinal) (RT) ... .. .. _188-189
7079-T6 Hand Forgings (Short Transverse) (RT). .. 191
7079-T6 Hand Forgings (long Transverse)(RT). ... 192-{93
7079-T6" Hand Forgings (Longitudinal) (RT).. ... .. 195

B4.5.6.6  Magnesium-Minimum Properties
AZ 61A Extrusions (RT) ........ e e e e e e e 202
AZ 6lA Forgings (RT). . .. ... .. .. C e e e ... 204=205
HK 31A-0  Sheet {RT) & . v v v v vt vt et et enenena 206-207
HK 31A-H24 Sheet (RT) . . v v v e v v v o v v v o v v v v oo
ZK 60A Extrusions (RT). v o v v v v vmnuveenn..

ZK 60A Forgings (RT)}. .. ... ... ... .... eee. 212-213



