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SUITIAHY
The room temperaturc burst sitrength and ductility of model discs
in a typical ferritic turbine disc material (Rex 535) has bcen cxamined.

Discs from vacuum melied bar exhibited remarkably consistent pro-

iscs burct when the average tangertizl stress exceeded

jol)

perties, The
the ultimate tensile strenmth of the material by as mich as 7 per cent.
4 detlailed analysis of the wore ductile dises supports the vse of the
distortion encrgy (Von Mises) and deformation (llencky) theories for pre-
dicting disc instability. In the case of the less ductile discs,
results from tubes in bi-axial tcasion confirm failure when this occurs

beTore the point of instability.
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1.0 Introduction

This Memorandum describes the use of model disc burst results as a
means of evaluating, at room temperature, a typical ferritic turbine disc
materisl for an aircraft gas turbine engine.

Initially the work was aimed at assessing the influence of vacuum
melting and forging on Firth Vickers Rex 535 turbine disc ateel in co-
operation with Rolls-Royce Ltd. but a more detailed analysis has resulted
in the course of the current turbine disc investigation at the N.G.T.E.T.

Simple model discs in both air and vacuum melted versions of the
steel were manufactured by Rolls-Royce Ltd. and spun to burst, at room
temperature, in the small spinning rig at N.G.T.E., Pyestock. Scme
discs were sliced from large diameter bar while others were forged up
from small diameter billets being subjected to the equivalent forging
work of a full scale engine disc. Heat treatment was also varied to pro-
duce discs in two conditions of strength and ductility identifisble by
high and low values of hardness.

2,0 General results of disc burst tests

The dimensions of the model discs used in the evaluation are given
in Figure 1. All discs were ground flat and bored at the centre and, in
a small number of cases, deep notches were broached in the bore to simu-
late severe flaws or stress raisers.

The general burst results are listed in Tables I and II. In some
cases it was not possible to reach burst conditions, even aftcr many
attempts, due to failure of the flexible drive shaft. The maximum con-
ditions attained by these discs are therefore identified by brackets.

The average tangential stress, calculated from the speed, has been
included as a measure of disc strength and the reduction in bore axial
thickness as a measure of ductility,

The influence of the various material conditions on the model discs
can be seen in Figure 2 in which the maximum rotatienal speed of each disc
has been plotted against hardness, Dotted lines indicate the general
trend ef disc strength. Discs sliced from vacuum melted bar exhibit
remarkably consistent properties, whereas discs from the air melted bar
show considerable scatter. The influence eof forging is not clear due to
insufficient disc burst data. It might be concluded, however, that lorg-
ing has improved the air melted bar but has introduced more scatter into
the vacuum melt var. Iotched bored discs exhibited higher strength at
the lower end of the hardness range where greater ductility might be
expected.

3.0 Detailed snalysis of disc burst results

The uniform properties exhibited by the vacuum melted bar encour-
ages an attempt to correlate the stress/strain behavicur and the burst
strength of the discs in these two batches with simple tensile data. In
addition to exanining the fit of the plastic deformation theory used in
this correlation it would be of interest to study the instability condi-
tion Tor the discs together with the results obtained from bi-axially
stressed test pieces either ef which may identify the cause ef fallure.
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301 Tensile test data (uni-axial)

Tue simple tensile stress/strain data for the vacuum melted bar in

the two heat-treated conditions are given in Figure B(a)o

The test

pieces were located tangentially at bore and rim in the sample blank

representing each batch and the following nominal results confirm almost

uniform properties throughcut:-

Tensile teost data (uni-axial)

. Ooto proof stress, tong/sq in.

. Ultimate tensile strength, tons/sq in.

- Fracture, R of A, 7

j

. Practure, elong., 7o

' Hardness, VPN,

True stresa/strain has been obtained from the test

the following mauner:-

Nominal stress = ¢!

Nominal strain = ¢!

where 1 + ¢

True stroess = O

Natural strain = e

Dhe5 56.0 =

L T T R

it

i

Rex 535

Vacuum melted bar

Bere Rim

56 .1 56.8

65.6 €7

€6.2 €7.3

33 28
31 T16
15 | 13
TRNT

336

load
original area

orizinal area

actual ares
(1 +e")

loge(1 +e")

Ta e merr cher s e s oveer e seretsarens

BO?' A Eig
59.9 | 61.6
59.9 60,6
77.0 1 77.0
77 71T
57 5
w5
2 17.5
14 16
R

plece data in

The true stress/strain relation for a strain hardening material in
simple tension may be closely approximated by the followlng exponential

relation:~-
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where o = +true stress
£ = natural strain
K = strength coefficient

n strain hardening exponent

The point of instability (maximum load) in this ocxponential relation occurs
when the strain, € = n. This can be seen in Figure 3(b) in which true
stress/strain has been plotted on a log.log basis, n being the slope of the
line.

3.2 Average tangential stress and measured strain

The average of the tangential stress in a rotating thin disc may be
calculated directly from the speed using the following formula based on
the original dimensions of the disc:i-

3 3
Nom. av. tan. stress = £ . ® ., L, 7L T2
g 5 rn -
rev/min ?
= 75.9 x (——~——-—) tons/sq in.
106,000
where w = angular velocity =~ radians/s
p = density = 0.28 1v/cu in. for steel
g = 32,2 £t/
r;, = rimradius = 2.4 in,
r, = bore radius = 0,25 in,

At this stage in the analysis it is important to note that all
discs from ths vacuum melted bar, burst when the nominal average tangen-
tial stress recorded in Table I exceeded the Ultimate Tensile Strength of
the material in Section 3.1 by € per cent for the lower hardness range
(V.P.N. 336) and 7 per cent for the higher hardness range (V.P.N. 36L).

As the speed of the disc increases from zero to the point of burst
local high elastic stresses first enter the plastic range and redistribu-
tion of stress takes place, The whole disc then becomes plastic and a
permanent increase in diameter and a reduction in thiclmess occur. In
the plastic range, changes in disc shape may be considerable and a correc-
tion must therefore be applied to the nominal value of the average tangen-
tigl stress to allow for these changes.

The stress in the bore of a rotating thin disc is uni-axial.  The
bore tangentisl strain should therefore bear a linear relationship to the
change in axial thickness at the bore in a similar manner to the tensile
test piece, This is confirmed by the experimental data plotted in
Figure 4. Bore tangential strain may therefore be obtained from the
maximum axial thickness cof the burst fragments.



For convenience the plastic defcrmetion threughout the disc may be
related te the bore strain and a correction applied to the average tanzen-
tial stress in the following manner:-

t
oy = of (1 + 0.3 ef)
] . .
where ¢; = Dore tangential strain
t . .
oy = nominal average tangential stress
oy, = true average tangential stress

and the value 0,34 has been obtained experimentally,

In order to compare the strength and ductility of the discs in each
batch the true averaze tangential stress at burst has been plotted against
the bore tangential strain {or each disc in Figure 5. The dotted line
indicates the simple tensile properties for the batch,. The reason why
the average tangential stress lies close to this dotted line will be seen
later. Discs Nos. 3368 and 3369 (V.P.N. 338 and 334 respectively) have
been chosen to represent the range for the correlation with the tensile
test data (V.P.N. 336).

The axial strain, es, ot burst for discs Nos. 3368 and 3369 has boen
rlotted in Figure 6. From this the tangential strain, & , at bore and
rim has, been deduced assuming uni-oxial conditiens and an incomprecsible
material, i.e. €8, +€; +€3 =0 and g5 = €30 The distribution of radial
and tangential etrain has been carvefully drawn in using as a guide the
strain grid results cf other discs of identical geometry.

1

363 Datinoted hi-axial siress

Having esteblished the distribution of the threc principal strains
in the disc it 1s now necossary to assume a relation between straln and
stress to obtain the distribution of radial and tangential stress at
burst.

The fllowing equations for the "uni-axial equivalent" or signifi-
cant stress and strain in a multi-axial stress system are based on dis-
tortion encrgy (Von Mises) theorya’B.

1

1
- V2 5
€ = -5- [(81 —eg P o4 (e ~ e ) v (g5 -8y )q]

where ¢, , 03 and ¢3 are the principal stresses and e;, &y and £; the
V3 3

resulting principal strains, The constants 5 and —~ are se cliosen that

3

o =0y and € = g, for simple uni~axial tension,
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In a thin rotating disc the tangential stress oy is greater than
the radial stress o and the axial stress oz is assumed to be zero,
i.e. (Tl 2 0-2 and 0—3 = O.

The equaticn Tor stress therefere reduces to:-

L
2

o (Gf - 010 + 02)

It

1
or o o‘l(’l-x+x3)2

where x denotes the stress ratio oy/0y.

The Hencky deformation theory relates the principal stresses and
strains in a multi-axial stress system in the following equations:-

g [ 1

£y = g 31 -3 (op + 0%)]
o L

€a = % f% - %’(Gi + Géz

83 = 50‘3-1(61 +62)
g L 2 .

These equations may be rewritten to produce the feollowing relatien
between principal strain and stress ratio fer the model discs:-

—E; €3 €o —E3

L
V)

2(1 - X + iaj 2 - X 2% - 1 1 + x

By intreducing the measured plastic strain into this equation the
distribution of radial/tangential stress ratio, at burst may be obtained.
This has been plotted in Figure 7.

The maximum principal stress, o3, in the thin disc will be in a
tangential direction and in order to obtain the level of this stress at
the point of burst it is now necessary to refer teo stress/strain data
ebtained from the tensile test pieces and plotted in Figures B(a) and
B(b)o Thesc uni-axial data form the basis for the curves of maximum
principal stress/strain in Figure 8(a) calculated fer various ratios of
bi-axial stress. With the aid of the tangential strain and stress ratio
plotted in Figures 6 and 7 the distribution of tangential stress/strain

at the point of burst may now be drawn on the curves of' Figure S(a).

In Figure 9 the distribution of tangential stress obtained from
the previous figure compares favourably with values of true average tan-
gential stress fer each disc and would confirm the stress/strain rela-
tionship used in the analysis.
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Jelt Conditien for disc instability

In order to understand the conditions for instability in the model
discs it is best to examine first, a thin rotating ring, then a plain disc
with a uniform distribution of equi-bi-axial stress. The models lie
between these twe extremes.

It may be assumed that the material in a thin rotating ring will be
subjected to a single tangential stress and will therefore behave in a
similar manner to a tensile test piece which has been bent intc a full
circle, In addition to the reduction of area that will occur with tan-
gential strain, however, an increase in centrifugal loading due to the
increase in the radius of the C.G. will also occur, both being linear to
the tangential strain. The result will be a maximum in speed at a lower
strain than at ultimate in simple tension. This may be expressed in the
following manner:-~

Tangential stress, o = pa)gjc*2

Differentiating and equating the rate of increase in angular velocity to
zere we have

E.:ZEI.'.:ZCI
r

where €, 1s the tangential strain.

Instability for a rotating thin ring therefore occurs at half the
strain for instability in simple tensien and at a tangential stress lower
than the Ultimate Tensile Strength. This is shown graphically in
Figure 10 using the stress/strain data of Figure 3(a§ (V.P.Ny 364).

Similarly a disc with both uniform stress end uniform stress ratio
will reach instability at half the strain for that in simple tension.
This latter stress conditien can enly be met by a solid, profiled disc
with rim loading, the stress being uniform and equi-bi-axianl. This also
is shown in Figure 10 frem which it will be observed that, in this cass,
the maximum stress is equal to the Ultimate Tensile Strength.

The model discs under consideration have non-uniform stress and
varying stress ratio and the problem of instability is therefore more com-
plex, Fer these discs, however, experimental data have indicated the
following relation between the rate of increase in average tangential
stress, 0y and the mean tangentiel strain, &; i-

oy Gf(1 + 1.7 8;)

§

where g3 mean tangential strain

1

0.2 x bore tangential strain (see Figure 6)
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These data suggest that instability in the model discs should occur

when the mean tangential strain reaches a value of ?1~ X the strain at

instability in simple tensien, i.e. ei(mean) = Qfggg = 0,036,

Discs in the lower hardness range (V.P.N. 336) de not appear to
have reached the instability conditien, the mean tangential strain at burst
being less than 0.02., This is supported by the absence of necking in the
burst fragments. However, discs in the higher hardness range EVQP,N. 361
would seem to be within the region of instability and one disc (No. 3356)
did in fact burst on reducing speed. In this disc local necking occurred
and mean tangential strain was very close to the expected value for insta-
bility (Figure 8(b)).

3.5 Tensile test data (bi—axial)

So far it has been possible to relate the stress/strain behavieur
ef the disc with simple tensile data and te locate, to a reasonable degree
of accuracy, the point of instability for various disc geometries. The
simple tensile test however does not indicate the ductility of & material
when stressed by rotation and arother form of test other than a spinning
test would seem desirable,

In the previous section the stress/strain behaviour of the model
discs was represented by the average tangential stress/straing If it is
assumed that the maximum radial/tangential stress ratio is significant
then the disc stress/strain may be plotted in Figure 11 for an 0.7 stress
ratio,

In order to produce a bi-axial tensicn of 0,7 stress ratio under
more controlled conditions a number of tubes of disc material were subjec-
ted to combined internal hydrsulic pressure and tension. An axial/
tangential stress ratio of 0,7 was produced in the thin wall and the
following nominal results obtained:-

Rex 535

Tensile test data (bi-axial) ) Vacuum ?elt bar' !

' Bore Bore
Uhxial/gouio) stress ratio 0.7+ 0.7
: Nominal max. tan. stress, tons/sq in. 67.9 | 8L.6 :

Tan. strain (iastab. 2.5%), =% | 1.0 . 2.1 ?
" Hardness, V.P.N, 336 364

The relaticn between tangential stress/strain for a stress ratio
cf 0.7 in the tube may be obtained in the following manner:-

1
Nominal tangenvial stress ¢y = r



S
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where P = dinternal hydraulic pressure
r = mean radius of btube wall
t = thickness of tube wall
1
. )
True tangential stress o = o (1 + Cf)

—~~
-
!
(2]
)
~—

' .
= o](1 + 2.3 e; ) approximately
t . o . o
where e; = tangential straln,-%é = +1.0.]

! . . a+ i proportional strains
> = radial strain 2= -] -
2 - R ? c -5 for 0.7 stress ratio
1 - - -
gg = axial strain = +0.3

It is of interect to compare the results obtained from the tubes with those
of the discs in Figure 11. The tangential strain is of particular signi-
ficance,

Further confirmation that failure in the discs has been due to bi-
axial tension is given in Figure 12 in which it is shown that cracking has
been located some distance Trom the bore,

A method of assessing disc strength using the results of tubes in
bi-axial tensicn is outlined in L'igure 13, The calculation of disc stral
is a labeorious process and is best carried eut en a computer, Fortun-~

telv the stress ratic changes very little and this means that the ratio
fhe elastic stresses may be used as a cless guide when selecting tae
approprlate stress ratio for the tubes.

The strain at instability in tubes subjected to internal pressure
and tension is less than the strain at instability in thin, rotating
discs, This feature may limit the use of the tubes but, nevertheless,
the avalleble ranege is of great value in assessing disc materials,

4.0 Conclusions

The follewing conclusions may be drawn from a general examinaticn
of the disc burst results.

Te Remarksbly counsistent propertle and good strength were exhibited
by discs from Rex 535 vacuum melt bar. Discs from air melt bar showed
congiderable scatter. The influerce of forging is not clear due to

irsufficient disc burst data. It might be concluded, however, that
forging has Improved the air melt bar but has intrcduced more scatter
inte the vacuum melt bar.

20 Discs frcm Rex 535 vacuum melt bar, burst when the gverage of
their tangential strecs excecded the Ultimate Tensile Strength of the
material by as much as 7 per cent.



- 12 -

3 Discs and test pieces from the Rex 535 vacuum melt bar in the higher
hardness range (V.P.N. 36l.) had higher strength and, contrary to expecta~
tion, slightly better ductility than those in the lower hardness range
(VQP,N. 336), This may have been due to poor heat treatment in the latter
case or is perhaps an inherent feature of this material,

The {ollowing additional conclusions may be drawn from a detailed
examination of selected discs from the Rex 535 vacuum melt bar.

Lo Failure in discs in the lower hardness range would seem to be due
to limited ductility caused by bi-axial tension. This is supported by
internal cracking in the discs some distance from the bore and is further
supported by results from tubes in bi-axial tension. Similar failures
occurred in discs in the higher hardness range but some discs in this
range had sufficient ductility to allow instability to occur.

5 It weould appear from the analysis that the distortion-energy

(Von Mises) and derormation (Henoky) theories may be used with a reasonable
degree of reliability in the plastic analysis of discs over the whole
plastic range to the point of instability or burst,

6o The agreement between results from rotating model discs and tubes
under combined hydraulic pressure and tension would cenfirm the value of
the latter or other similar methods for evalusting disc materials.
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NOTATTON

nominal stress

nominal strain

true stress = o'(1 +g')
natural strein = loge(1 + e')
strength coelficient )

in the relation o = Khn

strain hardening exponent

true tangential stress and strain (Max principal)
true radial stress and strain

true axial str:zss and strain

signiticant or uni-axial equivalcnt stress and strain

radiel/tangential stress ratis

angular velocity - radians/s
. . .
density = ib/cu in.

£t/

9]
.

N

32,
disec rim radius

disc bore radius

radial station in disc or )
mean radius of tube wall

in relaticn to tubes with

hydraulic pressure internal hydraulic pressure

tube wall thickness
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Rex 535 model disc burst results (bar)

(0.5 in. bore 4,8 in. 0.d. 1.0 in, thick)

Har@ness
Relerence Vel
Bore Rim
Bar/air melt
3354 © 375 373
3355 375 375
3356 387 387
3357 37 377
3358 364 366
3359 375 375
3377 356 357
3378 342 34
3379 . 327 326
3380 344, 338
3381 T 331 331
3382 336 336
Bar/vacuum melt

3360 . 379 379
3361 371 371
3362 ©O38L ¢ 35
3363 366 360
330l 364 36l
3365 37k 375
3366 . 267 383
3367 L 39
3368 335 340
3369 334 334
3370 336 330
3371 - 336 35
3372 339 353

3375 330 322

Maximum
speed
rev/mln

99,210
89, 500
93,000
97,820
77,040
06, 350

9,800
95,090
52, 94,0
88,560
(75.000)

(102,100)
104,400
103, 500
102,660

10, 520% .

10, 820%

(95,800)%
95,900
95,380
95,460
95, 590

95,400

' Nominal average °
tangential

stress :
tons/sq in,

Lo
60.8
72.9
72.6
72.0
52.3
7001»1-

68,2
68.6
€5.6
5%.5

flaws in bore

v

0 OO ~J
-~ N> \O
OO O

79.8
Cut fer test pieces
8390
83.2

(69.7)
69.9
69,0
69.2
69.5
Cut fer test pileces

€9.1

Figures in brackets sre for discs nut burst

" Burst at lower speod 1n subsedquent teot

EBurct on reducing speed to 103,300 rev/min

2

Fhotomacrograph

Maximun
thickness
at bore
inches

0.977
0,990
0,981
0,93k
0098‘)—}-
0.993
0.935

0.96)
0,981
0,988
0.990
(0.98)

O 9Ly
0.928
0,964
0.969

897 } local
9

necking

(0. 902;)
0,959
0.972
0.968
0,961

0 ° 91*-9
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TABLE IT

Rex 535 model disc burst results (forged)

(0,5 in., bore 4.8 in. o.d. 1.0 in, thick)

Hardness Maximum Nominal average Maximum
R V.P.N, - ' tangential thickness

eference spee@ stress at bore

Bore Rim rev/min tons/sq in. inches

a. Forged/air melt
2833 Lh7  L43 105,720 8)..6 1.00
28,5 L6 4hs 107,400 87.8 1,00
2847 Ll (91,050)% (62.9) (0.997)
283 LA L 50,6801 19.5 0,995
2837 132 132 L6 ,600% 16.5 0.995
28,6 432 130 u5,540% 15,75 0,99
2840 439 IV Cut for test pieces
2813 L73 L76 Spare blank
2836 338 293,960\* 267°O§ (0,9673
2838 336 93,6005* 6646 (0.923
2839 337 (92,940) (65.5) (0.984)
2841 337 56, 7L0% 2h by 0.995
28),.2 339 58,1007 25.6 0.995
281, 333 58,6201 261 0.995
283%5 336 Cut for test pleces
b, Forged/vacuvm melt

2815 13 115 103,200 81,2 0.920
2818 400 406 108,600 89.5 0,945
2825 LoL  L02  (86,400) (56.6) (0.998)
2813 402 40 53,520% 21,8 0,995
2821 W3 413 146,806 16,6 0.99L.
2822 409 441 1,7,000% 16.75 0,993
2819 L0l 1409 Cut for test pieces
2826 420 425 Spare blank
2811 308 589,ooo§ (60013 20;966)
2816 3% 91,000 56259 0.971)
2817 308 (89,400) 60.7) (0.979)
2820 305 58,490% 26.0 0,99
2823 - 309 61,940% 29.2 0.995
2621 307 63,320% 30,4 0,995

2827 306 Cut for test pieces

Figures in brackets are for discs not burst
“Cracks

Hotched bore
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A.R.C, C.P. No. 660 January 1963 531.25-143,32620,172

Waldren, M. E. and Ward, D. E.

ROOM TEMPERATURE INSTABILITY AND FRACTION
IN ROTATING DISCS AND CORRELATION WITH
BI-AXTAL TENSILE TEST DATA

The room temperature burst strength and ductility of model discs
in a typical ferritic turbine disc material (Rex 535) has been examined.

Discs from vacuum melted bar exbibited remarkably consistent pro=
perties, The discs burst when the average tangential stress exceeded
the ultimate tensile strength of the material by as much as 7 per cent,
A detailed analysis of the more ductile discs supports the use of the
distortion energy (Von Mises) and deformation {Hencky) theories for pre-
dicting disc instability. In the case of the less ductile discs,
results from tubes in bi-axial tension confirm failure when this occurs
before the point of instability.
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