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ABSTRACT

An investigation was undertaken to quantitatively determine the relationship
between change in leaf spring camber (the camber change) and residual stresses
that are set up in leaf spring leaves by shot peening. 1In the investigation the
camber change was analysed as a function of shot peening conditions and the
results were verified experimentally. An X-ray analyser was used to measure the
distribution of the residual stresses in the direction of 1leaf thickness. On
the basis of the measurement results, a relationship in the form of expressions
was derived by the dynamic condition of equilibrium and verified experimentally.
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INTRODUCTION

It is widely noted that shot peening raises the leaves' nominal elastic limit
and improve fatigue strength. These phenomena are brought about by residual
compressive stresses that shot peening set up in the leaves. Such stresses,
when set up in an unloaded spring leaf, deform its shape, thus causing the
camber of the leaf to change.

One of the key jobs in the manufacturing process of leaf springs is to foresee
how much shot peening will change leaf camber. Workers in spring plants have so
far relied solely on their own experience to do this job. In order to find a
scientific method of predicting the camber change by shot peening, the authors
tried to quantitatively determine the relationship between the camber change and
the residual stresses that shot peening set up in the leaves.

ANALYSIS

Equilibrium Expressions of Internal Stresses in Minute Portions
in Longitudinal Direction.

Equilibrium Conditional Expressions. The results of various  experiment
conducted in the past revealed that residual stresses produced by shot peening
performed on one surface of a spring leaf distributed in the direction of the
thickness of the leaf as shown by Figure 1. (See References 1, 2 and 3.) They
distribute so that the following expressions may hold provided that the
resultant of the internal stresses is zero and the angular moment revolving on
the neutral axis is also zero:

7/2
j u-dz=0 (1)
-T/2

T/2

S_ dedﬁdx:o (2)

That is, while the residual stresses o. should satisfy the dynamical relational

expressions (1) and (2), there are infinitely many gsolutions to the residual

stress o, which satisfies the expressions (1) and (2). Therefore, a selected

value was substituted for ¢, to be solved under the conditions of the

expressions (1) and (2) to find its approximate solution.

First, a relational expression among the following was deduced:

(a) A sine approximation reparded as the most similar to the measured distri-
bution shown in Figure 9.

(b) The highest of the residual compressive stresses set up in an area adjacent
to the peened portion of the leaf which distribute in a shape approximate to
a fairly simple rectangle (a,).

(c) Residual compressive stresses set up in the unpeened portion of the leaf
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Figure 1 Distribution of Internal Stresses
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The following signs are used in the analysis:

do: Residual compressive stresses set T: Leaf thickness (mm)
up in peened portion of leaf E: Modulus of longitudinal elasticity
(MPa) (MPa)
o1t Highest of residual compressive 4C: Amount of camber change (mm)
stresses set up in area adjacent 4C4: Amount of camber change caused by
to peened portion of leaf residual stresses set up in
(MPa) tapered portion of leaf (mm)
0t Residual compressive stresses set 4Cyx: Amount of camber change shown by
up in unpeened portion of leaf tangent angle (mm)
(MPa) 4Cp: Amount of camber change other than
s3t Highest of residual tensile that in tapered portion of leaf
stresses set up in area adjacent (mm)
to peened portion of leaf 4Cy: Amount of camber change of leaf
(MPa) with tapered portion (mm)
L: Leaf span (mm) dCr: Amount of camber change of leaf
p: Curvature radius (mm) without tapered portion (mm)
. ‘;:rm f\'eutr;al axis
Approximation

N CUrve I n=t'T
H v gy /T

~
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Figure 2 Residual Stress Distribution
Approximate to Sine Curve

Residual stress distribution approximate to sime curve. The dotted curve in
Figure 2 above shows the actual residual stress distribution in a leaf thickness
direction which was made when the leaf's side A was shot peened. The solid
curve in the figure shows an approximation curve vwhere the internal stress
distribution in areas adjacent to the shot peened portion of the leaf was
supposed to be a sine curve and that in other areas a straight line. That is,
when depth where a residual compressive stress is o, is denoted as # and depth
where a residual tensile stress is o¢; 1is represented as z , both of which are
measured from side A surface, and an origin is placed on the neutral axis as
shown in the figure, ¢, is expressed as follows:

_aitay . T z n(z‘—3v+l)} G1— a3
= sm{ T pTe 5 3)

where —-T/2=x<-T/2+¢t, and 7=t/T, r=t,/T

ot Ty X 02(1—22)—0a3

A T A TE R )

where —7/2+4+t:<x<7/2 and 9=#/T, t=ty,)/T

Substitution of these two into (1) and (2) gives

S‘T/z""7r01+agsinj L +n(r—3’7+1)} n glh‘oaiad’lf’*‘ (772 {Jerda n a5(1~21) — g3 |

e L2 lt=n T " "2-n 2 a-95% 2005 |

dz=0 (5)

J-ri2aer

(=724 T g+ a5 . T ( 2z Gy~ 0y | 772 ot oy x (1-20)~
e 5im S B _ ! 3 Go1- 0y 2 T g3 _
j~ﬂ& [ 2 Mu{Z(rwv)l 7t 3”+1>}+ 2 def"*ggrn+n{ 1 T 2.9 ]:dex“o
(6)
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Eliminating ¢; from theses two and finding the ratio of ¢, to gy :
oy F(e,n)-H(z,n)+G(z,7) - {(z,7)

@ J@-HGe,m+K@E,n-1&,m) D)
F(z,n)=(z—7) cos (( 3777/))
Hm=inmeos %;g%;;;%z ~6(r=)*sin ;Z' ) + (22 —6)% +22(1-20)+69(2c-7)
G(z,1) =~ 3(r~ )% cos 1‘7((:;%— —6(c— )t sn © 2( 37]7})) (o)t +3er(e— 1)
I(r,p)=n+(7—1) cos = 2<~~3?

J(»)=Q-o=
K(r,9)=2*2c+ (1 ~1)

Now, if the second term is eliminated since ¢ and 5 are very small amounts, the
above can be expressed as:

o2 X(ta—ty) +tom

_ o rm(z=3m)
0 S Tor e 2X (et — 12 (8) where X=cos

2(z—7)

Figure 3 shows the relationship between ¢ and ou/a based on Expressions (7) and
(8) where 7 is used as a parameter.

By substituting measured values for (=t/T) and W(=tyT) (Figure 9) we can
easily find the ratio of o, to o, using these figures. Also, o: is found by the
substitution of a measured value for o, .

Relationship between Curvature Change and Residual Stresses. If shot peening
changed the curvature radius of the leaf @ into o' , the relationship between
o; and the amount of change in curvature (1/p =1/9') is expressed as:

11 2

m o ET 9

Substitution of o; in Expression (8) into Expression (9) above gives the follow-
ing expressions to represent the relationship between the amount of change in
the curvature and ¢, in residual stress distribution approximate to a sine curve
and that approximate to a rectangle, respectively:

1 1 20 { X (22—t )+ 17} 0
o 7 ET(T-z—2X(t—t) -t} (1)

The above expressions represent the amount of change in the curvature per umit
length of the leaf. ‘1
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Figure 3 oot diagram by Expression (8)

—356—



Relationship between Camber Change and Change in Curvature.

Since the relationship between the amount of change in the curvature and
residual stresses set up by shot peening is obtainable by Expression (10), find-
ing the relationship between the amount of change in the curvature and the
amount of the camber change makes it possible for residual stresses to represent
the camber change.

Amount of Camber Change of Leaf without Tapered Portion. If shot peening
changed the curvature radius p into o and the camber C, into C’, the relation-
ship between the camber and the curvature radius (see Figure 4) is expressed as
po=L?/8Cy, o'=~L*/8C' for a straight leaf of L in length. Substitution of them
into Expression (9) gives 8C’  8Cy 20,

L* IL* ET
P 8(Co—4C)  8Cy 20
Let Cy—C'=4C , then ”’gﬁh:'ﬁg“E}
. L*a,
Therefore, A(:,Zé%r (11)

Thus, the relationship between stresses o; set up in unpeened portion of the leaf
and 4C is found by Expression (11).
Substitution of Expression (8) into Expression (11) gives

LY X —t) +tun) ey (12)
TAET(T 7 -2X (25— t)) — 5}

ac

Thus, by using Expression (12) the amount of camber change of a leaf without
tapered portion is found as a function of the distribution of internal stresses.
These theoretical wvalues will be compared with measured ones in articles for
experimental details and results, and discussions.

Figure 4 Relationship between camber
and curvature radius

Amount of Change in Camber of Leaf with Tapered Portion. Presence of a deflec-
tion beam shown in Figure 5makes it possible to set up the following expressions
from a strength of materials point of view. (See Reference 4.)

1 4
C t : e
urvature o e (1 3)
. _dC * 1 .
Tangent Angle: #= e :__jn?;dx+1‘ (14)
Deflection: Ca:jnhtv+cx:‘fgujx%ﬂhvdx+imxr~x0 +C1 (15)

As Expression (15) shows, the deflection is the double integral of the curvature,
which is applicable to the calculation of the amount of camber change of a leaf
with a tapered portion. The configuration of the tapered portion is shown by
the signs shown in Figure 6:
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Figure 6 Analized tapered portion
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By replacing change in leaf thickness by ome in leaf length on the basis of
Figure 6, we have

te=A+BS (16)
where A=TA-p)/(1-2, B=T(x—-1/(1-2
Pil=2(=1), t/T=p(s1)

Substitution of Expression (16) into T in Expression (10) gives
1 1 1 d
) w v mrme an
where a=FEA(rA—-2Xt+2Xt,~¢2)
b=EB(2rA-2Xt,+2Xt;-t5)
c= KB
d=2{X(ts—t)+t:7} 04
The first term in Expression (15) which represents the relationship between p
and C is expressed as:

(e dar = g
sea=[ [l Je

= Zil/lD {~e(lne—1)+g(ln gb—l) +fnf-D—-hA(nh-1} - ij% A-Dng—Inh) (18)

The second term in the expression is calculated as follow:
From Figure 7, 4Cy by the deflection angle of the tapered portion is expressed as:

AC=16(1—D) (19)
Therefore, from Figure 7, 6 is expressed as:
. 24C
T (20)

Since 4Cp is found by substituting 22 into
L in Expression (12).

Plo (Xt — ) L tym)
ET{T -7 ~2X(t,—t) ~ts}

If 4C, is substituted into Expression (20)

 2ie{X(t—t) +tom}
SET(Tr—2X(t -ty 1y 2D

ACD:

o

Figure 7 Analitic diagram to find change
in camber of tapered portion
by tangent angle
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Thus, 4C, is represented by Expression (22) below:

216, (1= DX (t,— ) +1,7) 22
ET{T-7~2X(t:—t,) —t5} (22)

Since 4Cp 1s represented by Expression (12), ¢ which is the ratio of 4C, to 4C, is
represented by Expression (23) below:

ACB =

L, ACy
7T AC,
::1“'”“}“);§<f};“>"’2}{7(,)(111{.)71)+g<1ng—1>+f<1nf—1>f/z(1nh »»»»» 1)
—ZET{""”"'“’X(J’%“)"”2}“*” w(In g—ln A+ (2= 1) (23)

where A=T(1-p)/(1-2),
B=T(p—1)/(1~ 1), p=t,/T, 2=/l

b=2ExAB-2XEB(t,—1,) ~ EBt,,
c=EBr, d=2{X(t;~t )+ 1w} oy,
=042 -VDl, f=lbt2c+VD],

D=8 —4dac, X=cos {m(ty—3t)/2(t,— )}

The relationship between ¢ and 2 which was obtained from Expression (23) is
shown in Figure 8. ‘

Let #=1, 2=1, and /=L/2 in Expression (23), then they are Expression (12),
by which the camber change of a leaf without tapered portion is calculated.
Shown below is a calculation example of 4C of residual stress distribution
approximate to a sine curve:

i |
Let T=10 mm, # =0.15 mm, # = 0.40 mm, o¢1=657.0 MPa Ly,
{ =500 mm, £=0.5, 2=0.1, and E=2.059 x 10° MPa and 20 N £, =05, 0.6mm
using Expression (18), we have:
J(‘4 = 7.6451 mmn, and 1,75
using Expression (19) we have:
4Cp = 1.0873 mm and 4Cp = 0.0004 mm = .
Expression (12) gives 4Cy= 6.0403 mm, '
therefore, ‘?yy
_ ACA+401}+.401) 125 4 //6/77 \
ACr ‘:&S\
_ 7.6451+1.0873+0.0604 ,_ Moo oA 675 1o
6.0403 T

Figure 8 ¢-1 diagram

EXPERIMENTAL DETATLS AND RESULTS

Because of the necessities stated below, we performed experiment to verify the

analysis:

(a) As expressions (12) and (23) show, internal stress distribution such as t
and 2 should be measured to determine the relationship between ¢; and the
camber change theoretically.

(b) Tt is necessary to measure 4C before and after shot peening to compare the
theoretical relationship between the amount of the camber change and shot
peening degree with measured one.

(c) Theoretically obtained 4C of both a leaf with camber and one without camber
should be compared with 4C obtained in measurement.
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Experimental Details

Table 1 Description of Test Specimens

Dimension (mm)*[Steel Grade|Hardness (HB)|Shot Peening Type
6 x 70 x 600 JIS SUP 9 363 - 415 Regular
8 x 70 x 600 JIS SUP 9 363 - 415 Regular

10 x 70 x 600 JIS SUP 9 363 - 415 Regular
6 x 70 x 1000 | JIS SUP 9 363 - 415 Regular

| 8 x 70 x 1000 | JIS SUP 9 363 - 415 Regular

10 x 70 x 1000 | JIS SUP 9 363 - 415 Regular

Notes: *Dimension: Thickness x Width x Length
1. The specimen group of each dimension comprises a
cambered leaf and an uncambered one.
(Camber : 80 mm)
2. All the specimens are without tapered portions.

In order to investigate the effect of shot peening on the specimens, Almen arc
height was measured and then residual stress distribution in the direction of
leaf thicknéss and JC were measured with an X-ray analyzer after shot peening
which had been performed under the following conditions:

Type of shot peening machine: Centrifugal peening type

Shot type and size: Cut wire 0.8 mm in diameter

Arc height (mm A): 0.405/0.495/0.585

Coverage: 907 or more

Measurement of Residual Stress Distribution with X-ray Analyzer.

Alternate electrolytic polishing to a depth of approximately 0.05 mm of the 40-
m - thick specimens and measurement of residual stresses in the longitudinal
direction thereof with X-ray were repeated (Figure 9). Figure 9 shows measured
stress distribution after correction of the effect of the electrolytic polishing.
(See References 5 and 6.) Table 2 below shows the conditions under which the
polishing and the measurement were performed:

—800 Arc height:
-0 0.405mmA (single pass)
--e- 0.495mmA (single pass)
- 600 —a— (1.585mmA {double pass)
F /
=
g 400
|
F 200 Table 2 Conditions for Electrolytic Polishing
7 and X-ray Measurement
© 06 -
e
0 R = B Y Type of X-ray Measurement|Regular type
Distance from surface {mm) Target CrRa
+200- Voltage 30 KV
Figure 9 Measured stress Count Full Scale 2,000 - 4,000 cps
distribution Time Constant 4 sec.
Soller Slits 0.68°
Mask 4 mm
Voltage for Polishing 15V
Current 2 A
. Ammonium chloride
Solution

+Water +Glysline
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Measurement Results of Camber Change.

4C of the specimens before and after shot peening was measured with a dial
gauge, the results of which are shown in Figures 10, 11, and 12 below:

20

T T T T
Arc height : (.405 mmA
18l 71=657.0MPa

t, =0.15mm /
16l {2=0.6mm /

4C (mm)

Measured JC of uncambered leaf
Corrected AC of uncambered leaf
Measured 4C of cambered leaf
Corrected 4C of cambered leaf
Theoretical curve

> > @® O

= L
200 400 600 800 1000 1200 1400
L (mm)

Figure 10 4C-L diagram

es s o+ oe es

20

v ; ’
Arc height: 0.495mmA

657.0MP. Arc height : 0.585mmA A
18+ a=007.010 a
t1 =0.15mm

18F 01=676.7MPa

27

16 t; =06mm (7' / t,=06mm # / /
i D /

14 /

& ™, 6
0 / g \’itx
4

4 /;
W | 2 IR
=

e

0 200 400 600 860 1000 1200 1400 0 200 400 600 800 1000 1200 1400
L (mm) L {mm)

Figure 11 4C-1I diagram Figure 12 JC-I diagram

DISCUSSION

The results of our residual stresses measurement are shown in Figure 9. The
analysis of the results show that the number of pass hardly change stresses set
up in the neiborhood of leaf surface ( oo and a1 ), but & of a;.

In order to obtain 4C, ¢, , ¢, , and ¢ readings are taken from Figure 9, then o
is found by Figure 4. The relationship between L and 4C is obtained by the
substitution of 4, into Expression (11).

As can be seen from Figures 10, 11, and 12, the theoretical residual stress
distribution approximate to a sine curve has great similarity to the measure~
ments. However, 1in the calculation of 4C of largely cambered leaves L in
Expression (11) should be considered as their arc length. Such consideration
was made to obtain the corrected values shown in the figures.
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< AC Measurements
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Arc heigh.t (mmA)

Figure 13 4(1/0) Arc height diagram

Figure 8 shows the ratio of the camber change of leaves with tapered portions
to that of ones without them in the residual stress distribution approximate to
a sine curve,

In the calculation of 4C of regular leaf springs with tapered portions of 1=
1.0~0.8 and #=0.5~0.3, the portions are believed to be negligible, but in the
case of ones with long-tapered portions they must be included in the calcula-
tion.

Figure 13 shows the relationship between arc height and change in leaf
curvature. As can be seen from it, arc height variation between 0.405 and 0.585
mm A causes the curvature to change between 1 and 2 x 107 (1/mm).

CONCLUSION

The analysis of the results of the investigation reveals that:

(a) A sinusoidal approximation is the accurate analyzing method of residual stress
distribution.

(b) The amount of the camber change of leaf springs without tapered portions can
be obtained as a function of shot peening conditions and leaf thickness.

(¢) The above are true of both straight and curved spring leaves. The arc
length of the curved leaves is required to be considered as leaf length.

(d) In the calculation of the camber change amount of springs with tapered
portions, such portions are negligible unless they are long omes.
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