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SAVILRY

A previougly-siven theory, which waz oxtonded an Part I, suggosts
thet (for a single form of loadung) strain £ s reloted to siress J,
tame %, and temperabtore T by a suwm of terms of the rorm

o obgx where ¢ o= (T - o)A,

thet the constant A 1s the game for all terrs and & range of materials, and
that the ratios Pk take values from the sequence 2%, In the present

Part II, the tneory in compared witn 103 sets of published creep-rupture,
crowp-rote, and hot-fotipue data relating mainly to alloys of the Pe, Ni,
Cr, Co, system of 4t drlferent compositions, The resulbs cf all apalyses
are given in detail in the firures and tables, A statisticnl asse:zsment
of the extert of arrscmont of the theory with the data as given w.th
reference %o the number of free coustants used,

Data of the kina considered, which 1z thab most readily avarlib.e,
containsg vartually ne direct anformation on stralln, and can be analysed only
with certain assumptions in lhis repard, The assumptions nade reduce {he
general formule to two altermative simpler forms, and one or other or these
was found to hold 1o wilhin the eppereat scaiter for ail but a few sets of
data.

The standard ratics 20 are confirmed by at least Lo gets of data
relating to the creep and kot Patigue of widely dif'ferent materials, and are
not denied by the remaindsr,  Support 1s ;iven for usc of lne tame-
temporalure parameter ¢ an the manner indicoted zn prefersncs to others
that save been proposed.  The values of 1" agpesr 15 follow & systematic
schauwe, asnd vse of the commen value of A = Z0 iz sustad-ed, The only
clear cases of &isagreement with the formula as fatied were in r.ospect of
prts of the dsta for 3 materials for which variations of creer strength
with temperature were 1rremuler.

Tne figures and tables, which appeur to confirm the theory to wothin
the discruimanstion or the datz, provide a convenlenb source c¢f reference to
tne mesn properties and their prcbable devaglions Tor many materiais. They
should provide rclisbie interpolations oetween directly measured points,

The grophicedl methods used are indicsted, but sre set out more fully in &n
accompanying *lemorandui,.
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1.0 Introduction

1.1 Scepe of Report

In the prosont Part Il,creep~rupture, creep-rate, and hot-fatigue
data for 44 materisls taken from published sources are presented an a form
convenient for reference in terms ol a previously given theory1:2 and
experimental results given and dis-ussed in Part 7 r# the Repert3,

Relevant parts of the theory are summarised below and in Paras. 2.1 and 3.1.
Materials, chemical composit.ons and references to the sources of data are
given in Table X; the main results are presented in Figures 11 to 97 and
in Tebles I, V, VI and VIT, Tables V and VI give estimates of the random
scatter in the data, and Table V1I gives the nuiber of freely adjustable
constants uged when fitting the theory. Self explanatory examples of the
Flgures with detailed lerends are given in Figures 2, 3, € and 7. The
graphical methods of analysis used* are described in detsal in References

4 and 5, Reference should <lso be made to 3ection 9 of Part I,

The data selected for analysis was prirerily that which was readily
evailacle, It comprises that ain the extensive compilations of the
"Tamken Digest", the Mond Date Bocks for the Nimonic Alloys, "Fox Steels
Design Data", endan Admiralty summary, and a number of published papers
including unclassified N,P,L. and R.A.E, reportc. In order thoroughly
to check the theory wilhout introducing bias by selection of data, all the
data in the Timken, Nond, Fecx and Admiralty publications that were suffi-
ciently extensive to warrant attention have been examined and are presented.
Much of the detailed discussicn in the Report is due to an altempt to
make the Lest use of fragmentary sets of data, and to the indirect and
incomplete nature of the evidence concermang fulfilment of condaticons
necessary in order that data of the kaind considered should be amenable to
analysis, Altheugh detairls are rather fully given for those to whom they
ere of interest, the essential content of the Report should be obtainable
from the first and last sections and the Faigures and Tebles,

1.2 Lutline cf theory

Bquations (2) and {3) of Part I are conbteined ir - geroral formula
which was stated in Refevences 1 and © 12-79 a special case was uzed. The
general formila represents strain e as the sum of a number of terms in
stress o viz,

g = C1UB‘¢1 B4 0266%21‘2 F onenans .o .. (1)

1n which time t and temperature T are combined in the relations

Py = t(T1’ = T)HA‘I
ta = t(r-?;; - T)“Az

*The Flgures are reprodaced at cpproximately half the linear scale of the working
drawings.
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The U8 x 1' A are constants. It wae found for the —atoraals considere
in Part I tiabt all toe A had miec,tlveﬁly the cane velue 20 and tnat the
utms lc/‘ﬁ had tee common values 4, %, p, 1% -..ss  For the present
analysis, thas formuls, tegether with the stendard values of A and K/8 are
assumed, while the C and T Tt cre taken to be adjustsble coastants for sach
material and term.  Tie cnerscterastics of the rormula wits these values
of A srd ¥/P are examined in detail in Paras. 2.1 snd 3.71.

Tie fermula ean be fully applied only when complete sets of creep
curves are availlsble, bLut, prevaded ceritain conditions are fulf.llied, 1t
mzy be spplied in nart 4e creep-rupture »r creep~rate deta like that conpi-
dered wioch contein less inrormction, T practice, one or other 3f the
concitinns aprears to be nearly always effectively fulfilied, and formula 1
nay then be sumplalied,

Frr creep ai constunt stress and temperature (1) becomes
e = atft 4+ pEe 4 ... e .. {12)

and for cross plots of creep curves at constant tempersture and strain g,
1t bewcues

ce = AoPiFr o omoPedfe 4 L L0 L. .. (1b)

Analysis of m’pcrmentd data shows that several terms of (1b) msy have
etfectaively the seme value of & {cf. Paras. 2.2, 2,3)., Ir the only
terms concermed nave a co mon value of K, (1b) becomes

g = (,zi\.fi{11 + LUBE T £ & [+))

1

o

23

15 15 the sumplified form thal zatisfacterily represents nearly all

the cresp-rupture and hot-fatiue dete examined, A sumiler equaticn
(Para. 3.1) wita creep ratve & n plece cx 4 represents the majority of the
crerperite uata,  DAr toe two wost extensive sets of dataz, only b4 terms

wer? roguired, usaally 3 or 2 were sarficient.

The spr.iications of (1e¢) £:1Ll into 4wo classes according to the
reiot e Iﬁ:.;‘”’llt”uffs oz the separate terms. In one class, which comprises
soae nf the creep-rupture data snu cll the hot-fatigue data, diiferent
singlie terms. chrw & virtual predominance, sach scparately in a different
part oI the renge, oo taat each part may be separately fitted in the
appropriate leg/log plot by & straight line of one of the standard slopes.
Fa toe other ¢lass, whecn comprases the remarain,, rupture datz end all the
creen~cate data, twe or more terms are ususlly of comparable significance,
wnd the oate 1s .atted by the sppropriate curves, In view of the
stonderd values of x/P, ipplicetion or (o} may then be reduced to the
fatuing of curves of predetermined form. These are shown in Fagures 5
ani 9,

Sectiens 2, 3 and 4 guve a detaxled study of the data on these
lares,
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1.3 Conditions for amalysis; presentation of data

Corditimns that the creep must fulfil in order that data nay be
analysed in accorusnce with Equations {1c) (or(2a)) are that there must
be eirther

(i) a stage of markedly accelerating creep preceding rupture as
1n Figure 1a (rupture daza),

(11) a long stage of gteady-state creep as in Figure 1 (creep-rete
data),

(1121) & stage of steady-state creep extendiny effectively to rup-
ture as in Fagure 1b, {ogether with a substentially constent
strain at rupture {rupturs data).

To each of these corresponds a particular method of analysis and presenta-
t1on,

When the first conditien 1s satisfied, terms in Equation (1) with
large x (apparently & » 3) predominate, and when the cecond and third,
terms with k = 1 predominate, The first and third conditzons lezd to
dafferent methods, ssy {1) and (111), of presentation of rupture data, and
the second to a method, say method (a1}, of presentatiocn of creep-rate datea.

YWethod (1) finally presents creep-rupture date as plots of log
stress versus log ¢. Vhen condition (i) is satisfied, rupture data for
& particular temperature, initially plotted as log stress versus log tixe,
is found to fall upon a curve indastinguishable in practice from a segmental
curve made up of straight lines with stendard slopes as in Part I, and also
as in Figure 2a of which the details are referred to in Fara. 2.2. For
nther temperatures the deta fzll upen other segmental curves, as predicted
by formuls (1c), made up of the same stondard slopes separately displaced
aleng the log tume exis (Tagure 2a)., Such dats 1s presented for convenience
upen plots of log strecs versus log ¢4, log ¢, etc., in which a set of
peints, for various terperatures, associated witn a single stendard slope
then olmbine to £all about a single line (figure 2c).  Each such set of
peints has in general iis own scale of ¢, dependent upon tune value of T'.
The data 18 therefore swmerised by one, two or three lines with stendard
slopes, as in Fisure 2¢ or Figure 8 of Part I.

Method (1i) presents creep-rate data as log stress versus log creep
rate. When condition (2i) 1s satisfied, creep-rite date for any one mater-
ial and temperature plotted as log stress versus log creep rote 1s found
to fall sbuut a contimous curve whose predetermined ferm, accordang to
Equation (22), is governed (see Fara. 3.1) by tne same standard slepes.

For eny oather temperature, the data 1s fitted by a samilsr curve Lut now
displaced almng both herizontcl and vertzcel sxes, a3 shown in Iigure 3c
where the locus of displicement according to (2a) 1s inaicated,  Super-
positien of curves for diff'erent temperatures after the menner of' the
creep-rupture segments 1s cnly possible when no more than two terms are
concerned, and even then doss not lead to & convenient presentation; the
data 1s therefore given es plots of lop siress versus log rate for each
tenperature separately, each fitted wath o curve whuse relation to the other
carves is calculated in eccordsnce with the several ¢ (Fugure 3c).

Method (1ii)} presents creep-rupture data as log stress versus log
time, When condition (11i) 1s satisfied, rupture data mey be presented
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similarly to creep-rate data as plots of loy stress versus log time fitted
with curves of predeteruaned form (cf, Para, 2.3).

The hot~fatigue data considered is co-ordinsted by method (a1},
attention beins given to time to ruptwre rather than number of cycles.

2.0 Creep rupture (Methods (1) and (1ii))

241 General properties of fermula for constant strain

For a given stress and temperoture, the equation to the creep curve
yielded by {1} tokes the form (4a), in which constant-rate creep is
represented by terms with ¥ = 1, and accelerating creep by terrms with
¥ > 1 where direct experimentzl evidence is avallable, the latt.r terms
appear to have k > 3, Vhen tne curve of log stress versus log time for
grven strain and temperatare is controlled by terms with & ccrmon value of
K,y the formule for this curve, irrespective of the value of x, takes the
form (1e), end into this the previously-determined raliss ¥/B of ... &, &,
7o +-+ M2y be introduced, In {1c) the constants &, B,... are of the fomm
C(TT ~ T)=A,

£t a fixed strain and a single temperature, lmuation (1¢) has the
following features. 4 single term on a lo. stress versus log time pint
yields 2 straight line whose slepe is =k/B, whle several terms yield a
continuous curve. For the data here examined, the grcatest number of
terms that are effective at = single temperature 1s three.

In the many cases in whach only twe terms are effective, the
comtinuous curve has asymptotes of standard slope, each defined by & singie
term, The form of the curve 1s dependent only upon the values of &/3 and
K. Jince only a few pradetermained values of these constants are reievant,
the few two-term stendard curves shown 1n Figures & and 5 sre commopn to all
sets of data. Curves for the cases in which three terms are effective
are readily built up (ef. Reference 5) from these curves,

At the same fixed strain ond another temperature, the single~term
straight line is dasplaced along the log-time axis ia accerdance with 1ts
¢; each of the components wf the multiple~term curve is similarly but
separately displaced aleng the log~time axis, each in sccordance with its
own o,

In the present context, & enly affects the abruptness of the
transitions between asymptotes, the ebruptness becoming more marked with
inerease of x,  For values of x of say umity {of. conditiun (2i1)) or
less, the transitions are gredual and may cover the whole of the experie
mental range; whale for k say »3 (of. condition (1)), they are so
snarply curved that they are indistinpuishable, within the scatter, from
sbrupt transitisns, Exemples are given in Pigures 5 and L respectively
which are considered in the next Paragraphs.

2.2 Method (2}
For data that fulfils condition (1) of Section 1

(a) the time to rupture is determined almost entirely by terms
with large x;

(r) a varlation in the strain at rupture preduces a smaller
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relative variation in the time to rupture, so that for
moderate variations 1t is reasonsble to treat rupture plets
as constant strain plots to which the results of Para, 2.1

apply;

(<) the transitions on a leg stress versus log time greph are
sharply curved so that the greph reduces effectively tn &
nurber of linear segments each dependent on a single term of

(1e);
(&) in view of (¢) the precise value of x is unimportant,

Figares (1a), (2a) and (4) 1llustrate these points: trus Figure (1a)
shews a creep curve in which the termm with x = 3 predominates at large
strains, and for this curve a typical strain veriation of £1.5/1 invelves
a tame variation ef £1,24/1, which, as will be seen in Section 6.0, is
within the scatter of all but the best data: for larger x the time varis-
taien would be smaller still. Figure L prevides standard curves for paars
of terms with x = 3 and various x/B; the curvature of the calculated
transiticns is seen to cover only a small part of the range of stress com-
monly encountered, and the difference between the curve and the straight-
line asymptotes is within the scatter of most of the data {cf. Figure 2a).
The range of the transiticn, and tne difference between curve and straight
lines, becomes smaller fnr larger k, so that with x > 3 the precise value
need net be kmown since the curve cem in ell cases be approxamated by the
same straight-line asymptotes. This "indepsndent term approximation" is
equivalent to treating each term in (1¢) separately, the chosen term for
any partioular stress range being that which makes the largest contrabutisn
te €, for that range.

Data thet fulfils the condition 1s conveniently presented in the
form of a graph (cf, Figure 2c) in which, as in Part I, Figure 8, each
aroup of points for various temperetures but associated with a particular
segment (and hence with a particular term of Equation (1)) 1s seporately
plotted as log stress versus log ¢ with its own scale of p, but in whach
all groups share s common scale of log stresse In the diagrams relating
to this methad, sach group of points 1s fitted with a mean line of
standard slope; the cycles of the log stress scale zre chosen for graphi-
cal accuracy to be larger {ccaveniently 3.75 tumes lerger) than tnose of
log ¢; the points wf each group are plotted with distinctive shapes; the
temperatures are indicated by tagging; and the occasional bracketed points
are those that fall too near a transition between two slopes to be assigned
uniquely to either group, and heace are platted nn beth., The legends on
these graphs are given in more detail in Figure 2c: +the common scales are
given with cleser graduations in Figure 6. Details of the procedure by
which these graphs were built up are illustrated in Fagure 2 and described
in References 4 and 5.

This presentation enzbles values of stress to be read directly from
the log stress scale, while values ef tume and temperature separately may
be obtained by caleulation from the log ¢ scale in which both are combined.
Fer a fuxed temperature, a log ¢ scale may be regarded as a scale of log
time, and, for a fixed time, as a scale of A log {(T' - T): accordingly, to
enable time and tewperature to be determined from the Figures without recourse
to calculation, two auxiliary scales of this kind are provaded which are
separately lebelled with time and tempervature, The first 1s a sladang
logarathmic scale of tame; +the second is » fixed scale constructed for the
value of 7' apprepriate to the scale ef log ¢, and graduated in temperaturec,
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All the figures have the common sliding legarithmic scale of time shown in
Pigure 6, while each line in each figure has in general 1ts own fixed
scale correspending o the T' fur that line, The latter, termed the
T400 scale, has been arvanged to give the value of log ¢ {(namely log $400)
for the fixed time of 100 hours and the labelled temperature T°C, 1In
use, the sliding scale of time is set with 1ts 100 hour mark opposite that
for the temperature T eof interest on the fixed scale; then,

i

log ¢ log t — & log (T' = T)
= log t ~ log 100 + log 100 — A log(T' - T),
= log t = log 100 + log $40g

so that

i

log ¢ - log 8400 lsg t ~ log 100

Thus the log ¢ for time t and temperature T 1s distant (1lag t - log 100)
from the greduation fer T°C on the T4ygp scale, and any time t hours on
the log time scale corresponds to the value of log ¢ on the adjacent

log ¢ seale for that time and temperature (cf, Para. 2.8 and Fipure 7).
Where, ewing to lack of space, the Tqgg scale has not been given in full
range, it may be extended from tne sceles of leog{T! ~ T) in Figure 6
(of', Reference 5),

Te indicate directly the fit of the time-temperature varisble ¢
to the experimental data, auxiliary graphs of A log t versus temperature
(efe Fagure 2} are provided, together with the best-Iitting curves from
Equation (1) waith A = 20. The meassured displacements A log t associated
with each slope are separately plotted with peants of distinctive sheapes
(cfs Pigure Zb). The fitied curves provide the smoothed displacements
used for supcrpositisn of points en the lng streas/leg | plots (e.g.
Fagure 2¢) in the present method (1) and for spacing the sets of curves on
the log siress~log time plots in methed {1ii) belew,

2.3  Method (i1i)

For data that fulfils conditaen (1ii):

(=) the time to rupture is determined almost entirely by terms
with ¥ = 1;

(b) the time to rupture 1s considerably dependent upon the
strain at rupture, so that only when the rupture strain
1s sufficiently constant may the rupture plots be treated
as constant-strain plois;

(e) the transitions en log o/ leg t graphs are gradual (of.
Figure 5) so that the independent~term spproximation is
inadequate;

(d) since fulfilment of condition (iii) implies that x = 1, the
form of the transiticn curve is determined by formula (‘ic).

Figures (1b), (8a) and (5) illustrate these points and their
contrast with these of Psrxa. 2,2, The first shows a typical creep curve
in whaich terms with & = 1 predominate: for this curve the time variation
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appropriate tc a strain variation »~f *1,5/1 may be seen tc be ghout
t1,6/1, a variation which (cf, Section 6,0) 1s comparsble with the scatter
af the mere s7attered data, The curved transiticns of Figure 5 commonly
extend over the entire experimental renge, so that, as shown e.g. in
Figure 8a, the straight-line asymptoies are not a good approximaiion.

If Equation (1c) epplies, the curves ef Figure 5 should be common to all
the data for which g = 1.

Such data is conveniently presented as direct plots of log stress
versus log time for each of the testing temperatures separately, io each
of which the appropriate curve is fitted, In regicns where enly twe
terms are effective, the general shape of the curve i1s independent of the
constents C, and the curve has rne of the standard forms shown an Figure 5,
For another temperature, each of the component terms is separately displaced
along the log time axis in accordance with 1ts own T!, and the complete
two-term curve is displaced, without t11lt or change of feorm, both horizon-
tally and verticslly {cf. Pigure 8a), Thus the standard curve for the
particular /P generates a family of curves, one for each temperature,
spaced according to the T', VWhen mere than two terms are effestive the
form of the curve depends upon the relative megnitudes of the oonstants C
snd must be individually calculated for each case?, the calculation being
baged on the cwo-term curves,

In the leg stress versus log time plots preseated according teo this
method, the compenent terms ~f each fitted curve for a particular tempera-
ture are shown as straight lines of standard slope. When enly twe terms
are effective, these are asymptotes to the curve. The line of a given
slepe for a particular temperature passes through the graduation merked
with that temperature on a spacing-zcsle Ty, which corresponds to the Typp
scale of Para. 2,2: the spacings between graduations for temperatures
T, and T, are of the ameunt A log(T' ~ T,) = A 1ag(T' = T,). Awcxiliary
4 lng t versus tempersture plots are also presented, as for method (1i).
Each set of A leg t, T points, with its fitted curve, corrosponds to a
term with a particular ratie x/B: the fitted curves are used to determine
the spacings betwsen the lines for that term on the Ty scale.

2.4 A log t and & log rate plots - determination of A and Tf

The values of A and T' used in the construction of log stress
versus log ¢ plots and in the fitting of log stress versus log tume or log
stress versus log rate curves, are indicated for any cne term by the dis-
Placement A log t {(or A log rate), wrth temperature, of the pssition of a
line of the appropriate standard slope along the log time axas, In the
example of Figure 2a for method (i), the spacing 1s measured between parallel
segments, and pletted in Fagure 2b; in the examples of Figures ja and 8a,
it is measured between parallel asymptotes of the two-term curves, and
plotted 1n Fagures 3b and Sb,

When adequate data at three or more temperatures are available to
define two or more values of A log t, beth A and T' are uniquely determined
in principle, In practice, the scatter 1s guch that in most cases a range
of wvalues of A, with correspending values of T', will fit the experimental
data equally well., For reasons discussed in Sectaon 7.0 of Paxt I, and
Parae 5.4 of the present Report, the ccnstant A has been chesen to have
the common value 20, and with this cormon value the T' for an extensive
set of data is closely defined. The curvature of the plot of & lag t
versus 1 decides whether T' is above or below the experimental range of
temperature: an upward curvature (A log t/AT increasing with T) indicates
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a T' above, and a downward curveture a T' below this range.

In many cases the data, perticularly if it refers tc two tempera-
tures only, dces not of iiself determine whether T' i1s above or below the
experimental range (the "sense" of T'), Hawever, the choice can of'ten be
made on other evidence, and, when made, a numerical value can be determined.
Thus 1n the cese of a material whose rupture data satisfies condition (iii)
and whose creep-rate data satisfies condation (z1), the terms waith x = 1
contrnl both rate and rupture, and the value of T! should be the same for
brth, Where there was direct evidence on this point, the sense of T' was
found to be the same, although the numerical value, owing apparently to
scatter, was not (of, Para. 5.,2). Hence, when evidence was lacking
for one set the sense was if possible determined from the other. Failing
such evidence, the sense was determined from data on similar materizals.

In all ceses the mumerical value was determined directly from the data
concerned: each value whnse sense was chosen in cne of these ways is
starred in Table 1I.

Where, for a particulor slcpe, data at only one temperature is
avarlable, no value of T' can be determined: in such cases a value is
usually adopted from an adjacent slope {such values are bracketed in
Table IT), For one set of data however, nemsly that for IM2 stecl which
satiafies condation (i), these values were not suitsble: hence the data
{'er the slnpes for which T' was not defined were plotted sumply as log
Stress versus log tine, and fitted with standard slopes.

Some data do net establash all pmints on the A log t plot with
equal certainty; +$hus in the example of Fagure 2a tre lines of slope --%
are firmly established at 7507C and 815°C, but only an cxtreme position is
obtained at 700°C: the corresponding point in Faigure 2b is therefere crrowed,
and the fitted curve may pass below it but not sbove 1t by more than the
scatter. In other casss, e.g, Pigure 8a, the slope at a particular
temperature may be poorly defined becasuse only one or two experimental
points arc avaxlable: the corresponding A log t point 1s gueried in Fipure
8b, and given less weight than the others in fitting the curve (cf.
Reference 5).

245 Nature of evadence for fulfilment of conditions (1) and (z1i)

Independent evidence on the fulfilment of conditions (1) and {1iz)
1s obtainable from data such as that gaven in the headings below which 1s
of'ten supplied in conjunction with creep-rupture and creep-rate data.
The evadence is given in some detail in Table III, and the general mamner
zn which 1t was used 13 as follows:-

(a} Creep curves: if these extend 1o rupture they will show
directly whether the creep zccelerates strongly or is of
constant-rate at rupture, and will alsc show the strain at
rup‘ture* (cf, Fagures 1a, o).

(b) Times to a fixed strain: af at & particular stress the
time to a fixed strain of e.g. 0.5 per cent is not less
than ssy half the time to a rupture strain of several
per cent, condition (i) is probably fulfalled, The
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* I the available creep curves are sufficient in number and cover a sufficient range, 1t is
preferable to analyse then fully in terms of Bauation (1) {cf, Reference #)e Creep curves
are seldom published in adequate detall however,
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converse, when the time to a2 fixed strein is much less than
the {ime to rupture, sugrests but does not necesgsarily
establish that condation (2ii) holas.

(e) Stress for a fixed strain: if the stress fer a fixed strain
in a given time s 1little less than the stress for nupture
in the same time, condition (i) is probebly fulfilled. If
it 1s eppreciably less, condition (iii) 1s msupgested but
not established,

(4) traan frem censtant-rote terms: if the strain that would
result 1f the specified creep-rate acted for the period of
the rupture time 1s 2 small proportacn of the recorded rupture
strain, ocondition (i) is probably fulfilled {cof, Figure 1a).
If 1t 1s a large preportion, condition (11i) 1s probably
fulfilled (of. Figure 1b). Jsc of this cvidence is compli-~
cated by the fact thot, in a conventional constant-load test,
the incrcase in true stross with decrease in cross-ceclion
Produces accelerating creep from even & vonstant-rate term.

The choice between mcthod (1) or (iii) was based upon the zbove
criteria when the evidence was sufficient., Otherwise the method chesen
was that which led to the best £1t; thus data that showed sbrupt lransi-
tions was analysed by method (i) and that shewing gridusl ironsitions weas
snalysed by method (112). Teble V, {last column) shows that the indepen-
dent evidence when availlsble was usually in agreement wit the observed
form of transation,

246 Presentation of rupture dcte

The seurces listed in Teble I provide 65 sets of creep~rupture data.
Of these, 3 {for HET3, R20, Rex 326 F) are insufiicient to defuine any log
gtoess versus log time curve, 3 (for Nimomic 80, 80A ond 90) have been
presented in Part I, and one (for N155) is reserved o fulure detailed
study. The remeining 58 sets, of which all but 2 tabalated sets ({or
Nimonic 95 and 100) represent direct experimental, as distinct from anter-
polated data, are prescnted in Pigures 11 to 6k. Tebles I and TA gve
materials, compesitions, heat treatments and sources ef deta; Table I
mives figure numbers and values of 1' where determincd. Figure nambers
from data where T' was not debermined are given in Table IIA,

Of these 58 sets, h9 were sufficiently extensive to define both
log stress-log time and A log t versus T curves, and of the 49, 48 sets
relaling to materials of 36 different compositions bave been cnalysed by the
above methods and arc prescnted in Fagures 11 to 593 the remaining set, far
DM steel (Pigure 60) as discussed in Para. 2.7, The 9 less cxbensive
sets of rupture data, for materzals in tube Torm, namely for Rex 3374, G183,
FCB(T) sol1d drawn, FCE(T) seam welded, and Namonic 75 (211 in Figure 6C),
and Tor Nimonic 95 (Fagure 19), DiC, G188, and foriaweld, (Fipures 62 o
64), defined leg stress versus log time curves but gave no :nformation o8
to the A log t versus T curves ond hence on the value of T': data for the
flrst 6 is availsble at only one temperature, end for the remaining 3, cwing
to the comparatively small range of stress covered and on wnfortunate
placing »f this range, the standerd slopes appear ecch only at o dafferent
single temperature. The Nimonac 95 date 1s prusented (Pipure 19) in a
plot of log stress versus log ¢ according to method (1), since other data
on this materisl provides a suiteble value of T'; the other 8, Tor
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which no external evidence 1s avarlable, are presented in plots of log
stress versus log time with curves {itted for each temperature separately,

Wine sets of rupture data (Figures 16, 26, 27, 28, 39, L5, L7, 51,
53) provided plets of A log t (and hence values of T') for some slopes but
not for others, and the undetermined value of 7' (indiceted 1n brackets xn
Table TI) was taken, in all bui Pigure 47 for C-dlo steel, to ve the same
as that for an edjescent slepe. The data for C-lo steel does net define
the T' fcr slope ~.é , but rejects the values used for other slopes. One
set of data, for Rex 448, {Pigure 37) has a vecy marked irregularity in
its 4 log t versus T pletl (Figure 37a) and has been presented hoih by the
nowmal epplicatien ar method (i), with 7' = 1200°0; and alsc by a double
spplicaticn of methed (1) seperately to the data =t HUCOC to 550°C, and
dzta at 600 to 550°C.  The second methed, usiny a commorn valué of
T! = 9759C, yields twe parallel log stress versus log ¢ lines.

2.7 Detailed discussicn of rmture dala

Of the 49 sete of rupture data presented in Figures 11 to 59, 36
were analysed by methed (1): these included rne set for which, as
menticned an FPara. 2.4, valves ol T' were indiceted ror one standard
slope but not for clhers. Of the 36, 15 sets were shown by criteria {af
and (b), 2 sels by criterion (c), and 3 sews by criterion (o} unambiguously
to fulf1l condataion (1) - detaxls are in Table ITI. As required by
Eguation (e}, all showed sbrupt transitions where the trensition range
was spanned by the datz, @2l exhibited the standard slopes, and all bul ~ne
wes fitted to withain the scatter by tne time—temperalure ro_ation 4.
Indepencent evidence as to the fulfilment of the criteria wes not avail-
able for 3 gets, namely 2 of Wimonic data and one of Incorel X, but these
were expected to satisfy eondition {i) sance data on similar z1loys are
known to satasfy it; they als» showed abrupt tremsitions and standerd siepes.
The remaining 13 rupture seis ef Table I for which independent evidence
was absent or inadegquate (Table ITI), were annlysed by metnod (1) merely
because they had sbrupt transiticons; these vere found to exhabit the
standard slopes and to be fitied satisfactorily Tty the tame-temperaturve
relation.,

Thirteen sets of rupture dota were analysed by mechod (i1i) {Figures
47 50 B59),  Adequate evidence es the fulfilment of condition {aid) wos
avealeble only fer the extensave deta for 18-8 steel (Figure 57, criterion
(=)) which was generelly well-fitted by the curves., UOF the cther 12 seis
(which were analysed by method {i11) because they had curved transitions),
11 fatted to within the scatter of the deta and one (2 per cent Cr o,
Pigure LB), while fitting well +c the standerd curves for each temperature
separately, did not it satisfacterily to the true-temperature relation.
Thais and the similer example of Rex LL8 in Parz. 2,6 present the A log /T
anomaly mentioned ain thet poragreph. Tlhere was limited evidence for the
13 materials that the stroin at rupture veried irregularly, and scme
scatter may be due to this cause (cf. Para. 5e/i).

The set af data for DM, steel (Fagure 61), for which there was
lattle independent evidence councernang the criteria, was found to have
shorp transitions et Jow temperatures but gradusl transicioms at hagh
temperatures: Eguetion {1c) is ihus an cversimplificetion for thas
material. Data of this kind requires consideratzion in terms of ihe
complete formula {1},

The log stress/log time plets of method (i1i) are direct plots of
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experimental data, and the log stress/log ¢ plots of method (1) are
wrmediately reducible to direct plots by use of the sliding scales of log
time provided, The seif-consigtency of the peants for any onc temperature,
and tneir correlation by the standard slopes, can be 1mmediately assessed
frem the plots: the cerrelation of sets of poants st different temperatures
cani also be estimeted from thae plots, but 1s more immediately seen fron the
auxiliary A log t/temperature plote, The latter represent cderaived date,
depenaing to some extent on the assumption of standard velues for the slopes
-3, but these slopes sppear to be sufficiently well estchlished not
greatly to affect the assessment, 4s an i1llustration, in the typical exam—
ple of G,32 presented by method (i), Pigure (22a) ind.cetes thet results

&l tesperatures from 750°C te 1000°C are regular and adequately co-ordinated
by the time~temperaturec curve derived frem Equation (1), while lapure 22
shows that, for stresses between 46 t.s.2, and 2 t.s.i., the experimental
results at sll temperature. are well co-crdinated by the twe sircaight lines
nf sl?ne -t and ~1,  Outside this stress range, nther slopes (e.g. ";%
nd —«-) mey be recuired, but the datz 18 inadegquate to define them,

Similarly, in the typical exsmple of 4 t» 6 per cent Cr llo + Ti
steel, Figure 52e indicates that results at different tampsratures are
reasnnably well correlated by the tuue~temperature curve, while Zigure 52
sncws that the experimental data is well co-ordinated by the set of common
enrves speced in accordance with ¢, Witih the exception o the two sets of
date whach have markedly irrepular A log t versus T plots (eof. Parc. 2.0
and four sets which exhibat the partizl discrepancies discussed in Parc,
5.5, all tre 48 sets af creep-rupture data sppear o be adequately fattied
by the lines or curves provided by hquation (1c).

2¢8 Use of rupture plots

For data plotted according to method (i), interpolated vilues of tne
time t~ rupture for a given siress and temperature way be rcedaly obtained
from the appropriate log stress versus log ¢ line by means ar the auxilicwy
scales, Vhers two or more lines each with a separate scale of loz ¢ ars
wresent, each will give a different value of the time to rupture, and tne
gopropriate line is thaet which pives tihie sliortest ftame. T..15 feature 1s
due o the change in relative predominence of terms with temperaturs and
1ty explanetion may be seen from Faigure 2, The expcramental poinis in
Mioure Za clwoys fnllow toe lower line when two lines of stendard slore
cross.  Suailarly, 17 time and temperature are given, the lowest or the
gtresses tc rupture given by the several lines is &dopted. I tame and
atress are gaven, the lowest tempsrature 1s adopted.

As en illustratica ef interpolation for method (1), let 1t be required
to determine the time to rupture for G.32 at 8 t.s.z, and 80C°C. &t this
stress, some experimental points fall upon the line of slecpe —¢, others on
that of slepe —. In Pigure 7, in which the date of Fipure 22 1s replotted,
the sliding scales of leg tame from Fagure 6* are set for each slope w.th
their 100 hour graduations opposite the reguired temperature of 800°C, wnd
the times on these scales corresponding to 8 t.s.1. ere indicsled., The
time of 2900 hours for slope - 185 less then the 1007 C heurs for slope -,
and {he former value, being the smeller, 1c adcpted as the time to rupture,

Jor data plotied accordiny to uethod (111), the curves Lmediately
vield wvelues of interpolated stresses or tumes to rupture for any of th
testing temperatures, ff lLovever, 1t 1is reguired teo determire a value for
an intermediate temperature, the appropriate lop stress/log time curve must
be constructed. When only two terms are present, as an the example of 4
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An extra copy of Figure 6 is provided for cutting in.o sliding scales
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to 6 per cent Or Mo + Ti (¥Wigure 52 and Pigure 8¢), 1t 1s only necessary

to set the standard curve so that each of its asymptotes passes through the
appropriate temperature graduation in the spacing scales. As an 11lustras
tion let it be required to determine the tame %o rugture at 630°C and 5
t.8.1. In Figure 8c the common curve for slopes —4 and ~i has been set

so that the asymptotes pass through the required graduatiOns, and the time
to rupture 15 seen to be 32 hours. VWhen three or more temms are operatave,
the same method applied to two predominating terms will gave approximate
results, but for mere accurate results the methed to use is given an
Reference 5.

fxtrapolation is sumilar in princiuple to interpolation, but raises
the problem of whether terms in Equation (1) not revealed by the experamen~
tal data become important, Fach line or asymptote of standard slope is
congidered in principle to extend indefinitely in both directions.

3.0 Creep rate

a1 Properties of formmlze Tor constant-rate creep

The equation for creep rate, obiained by differentiating (1) with
respect to tuime, is

= Dicﬁitm1'1 + ngﬁzt“2“1 +  sess .o (2)

1a which the D at any one temperature are constants, TWhen an extensive
range of' steady-state CIeep OCCurs, terms for which x £ 1 may be neglected.
Graphs of log o versus log & often appear to have several distinct slepes
(megnitudes 1/B since x = 1) as asymptotes to the continuous curves, and
this suggests that several terms with ¥ = 1 and dafferent values of B may
be present. Creep~rate date, because of the curvature of the log stress
versus leg rate plots, provides lattle direect evidence as to the values of
B, but economy of hypothesis suggests use of the standerd values of /B
derived from creep rupture; this step 1s generslly confirmed by the fat to
the data.

For & = 1 and the sbove values of ¥/B the formula reduces to 2z,
iz,

é =1 D10‘6; + Dzdﬁz + *e e .e e X ] (28')

This equation is similar to (1e) when an (1c) & is constant, end 1t provides,
since log & = constant - leg t, a log stress versus log rate curve which 1s
the mirror image of the log stress versus log time curve of Para. 2.3

and Figure 5.

The log stress versus log rate curves for different temperatures are
derived from common curves displaced both horizontelly end vertically,
exactly as for rupbure data analysed by method {111): the common curves
apprepriate to creep rate are gaven in Figure 9. The slopes of the compo~-
nent terms sre given by the standard values of k/B, now 1/B, of 2, &, & eeesy
and are mirror images of the creep-rupture slopes. Formula Qa) is fitted
to the datez by fatting celculated families of curves to the complete set
of points,



3.2 Evadence for creep—rate condition

Creep-rate data can only be fitted by Equation {2) when condition (zi)
is adequately satisfied; for if the "steady" creep rate 18 due to an
accidental combination of accelerating and decelerating terms, as in the
"apparently constant-rate creep” of Figure 1a, the relatave proportions of
the terms may vary at different stresses; also the values of x, which
determine the form of the leg stress versus log rate curve, would be
unknown,

Criteria (a) and (d) of Para. 2.4 may be expected to provide
evidence as to the constancy of rate, but for most of the data presented,
evidence only in respect of {d) was availasble (cf, Table IIT), Thus for
example a certain test upon S.590 gave a steady creep-rate of 0,001 per
cent per hour with a time to rupture »f 4000 hours. The strain dues to
this term would therefore be at least 4 per cent at rupture owing to the
increase in true stress with strain durang this constant load test., Texms
with high x, although probably present, do not therefore predominate at
rupture since they contribute no more than half the cbserved 9.6 per cent
of rupture strain, Their contribution at strains below 1 per cent where
creep-rates are commonly measured will be negligible. Any constant-rate
creep 1s therefore likely to be due to terms with x = 1,

In constrast, materials like 25-20 steel, for which the strain due
to the constanterate creep is less than 0.5 per cent out of say 5 per cent,
cannct religbly be analysed on the assumption that the constant rate
quoted 18 due to x = 1 terms (cf, Para. 5.5).

343 Presentation of data ~ method (ii)

For reasons similar to those given in Para. 2.3 for method (iii),
it is convenient to present creep-rate data, selected as in Pera, 3.2,
in the form of darect log stress wversus log creep-rate plots for each
temperature separately. The best~fitting families of curves from formula
(2a) are shown, together with the component-term lines and the spacing
scales Tg, one for each term, graduated in temperature,

The fit of the rate versus temperature curve, calculated from
Equation (2a), to the experimental values of the spacings A (log rate) is
shovn in auxaliary graphs (ef, the & log t versus T grephs of Para. 2.2),
In these pgraphs, the spacings for each term are separately plotted as
points with distinctive shepes, and to each set of points the master rate
versus temperature aurve 1s fitted. The fitted curve provides the
spacings on the scale T,

2okt A log rate plets — determination of T

The constent T' which determines the spacing on the Ty scale between
the component-term lines for different temperatures 1s determined from the
4 log rate versus temperature plet, the construction and use of which 18
similar to that of the A log t versus T plots dascussed in Para. 2.4,

A 18 again chosen to have the value 20 which, as in the case of creep rup-
ture, satisfactorily co-ordinates all the creep-rate data presented. The
choice of T' above or below the working temperature is if necessary made in
conjunction with the method (iii) creep-rupture data (Para. 2.4)., Terms
whnich appear at cne temperature only, for which T' is not determinable, are
if* possible plotted on a Tg scale with the T' adepted from an adjacent term;
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such T' are bracketed in Tgble II; otherwise they arec pletted on a scale
of rate only, snd no value of T' 1s quoted.

35 Creep-rate datsa presented

Cf the 23 sets of creep~rate dats available, 4 were indicated by
eriteraon {d) not to satisfy condation (ii), and although presented in
Figures 84 to 87 their fitted curves are nct considered to give a reliable
indication of behavicur (see Para. 5.5).

OF the remaining 19 sets, 17 were independently shown by criterion
(d) tec satisfy cendation (11), and the other two could be assumed to
satisly the condition Lecause s:milar materasls diad so: all 19 have been
presented by method (x1i) in Figures 65 to 83, Onz set E2 per cent
Cr - Mo), has & very irregular A log rate versus T curve (Figure 69a)
(of. Rex 448, Sectaon 2), and the data for slope 3 has been freated in
two parts, to which the two Tg scales shown refer, one relating to
temperatures 482 to 538°C, the other to temperatures 593 4o 61.5°C,

3.6 Discussion of creep-rate data

The peints on the log atress-log rate plots represent direct
experimental data to which irmediate return may be made from the tags and
scales, As 1n the case of creep rupture, the consistency of the points
fer any one temperature, and their correlaticn by a common curve, may be
assesgsed from the parallelism of points with the curve: the correlation
of sets of points at Gifferent temperatures mey be estumated from the Tit
to the tamly of curves (winse spocing is determined by the $), but .
more 1mmedrately made from the A log rate versus temperature plots, In
the typireel example of Tamken Sicromo 58 steel, Pigure 772 indicates that
resuits at temperatures 533°C to 704°C are adequately co-ordinated by the
curve derived from the time~temperature relation, wile Figure 77 shows
that for stresses between 6 tes.1e and Cub t.s5.1, the experimental creep-
rete dzta 1s co-ordinated to witlun ths scatter by the fitted curves with
use only of temms with x/f = & snd .

For some materials e,g. Sicrome 5 MS (FPigure 78) the creep-rate
data 18 adequately raitted wath terms of slope § and + only, the terms of
intermediate slope 4 apparently not contributing significently to the
creep rate. However, most of tne data is inadequate to show unambigucusly
that thas term 18 absent, =nd it may make significant contributions outside
the experamental range,

Of the 19 sets analysed (Figures 65 o 83), 17 are seen to show
satisfactory agreement with formula (2a), the remaiming 2 for 2 per cent
Cr Mo (Figure (9) and § 846 (Figure 82) have irregular A log rate curves
end are discussed in Para. 5,5.

The 4 sets that did not satisfy the condition are also discussed
in Para. 5.5.

37 Use of creep-rate plols

Interpolated values of stress or strain rate at any of the
testing temperatures may be resd directly from the appropriate log stress-
log rate curve exactly as Tor rupture data plotted by method (xii). The
method of extrapolation is similer, but, as in tle case of creep rupture,
additional terms may need to be teken into zccount,
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An example of interpolation is given in Figure 3¢, in whaich the
stendard curve of slopes £ and % is fitted for 600°C, and the creep rate
for 2 t.se1. at 600°C determined as 9 x 10-7,

4.0 Hot fatigue

Lot Relation to formula

Tt was shown in Part I of the Report that data for the taime to
rupture in hot fatigue, for zero mean stress, could be co-ordinated by
formula (i), and fitted by standerd slopes from the same sequence ag for
creep~rupture data. In the present Report, available hot-fatigue data us
analysed in greater detail., No independent criteria are availeble (con-
trast Para. 2,5), but method (1) appears adequate since all data show
standard slopes with abrupt transitions.

L2 Hot-fatigue data presented

Of the 15 sets of hot-fatipue data avarlable, 5 have not been
rresented,nanely one very sextensive set for N.155 which 1s reserved
for foture study, and L sets from the Mond booklets which provided only ons
log stress versus Jog time point at each temperature.

The remesining 10 are presented in Fagures 88 to $7; of these, four
provided poth log stress versus log tame and & leg t versus temperature
plots, and were analysed by method (i); the remaining 6 defined the log
stress vorsus log time slope at only one temperature. These €6 were
plotted as log stress versus log taime end are fitted with lines of standard
glope an Faigures 92 to 97.

L4a3 Discussion of het-fatipue daba - uge of plets

The L sets of data enalysed by method (i), Fagures 88 to 91,
indicate a £it 4o within the scatter to the standerd slopes, the scatter
eppearing to be of the same order as for creep rupture of these materials.
The time~-temperature relation 1s not severely tested by this data, since
only for Nimonic 90, Figure &9a, dad the same slope appear al three
dufferent temperatures: in this case the A log t versus T curve fits the
points clogely,

The log stress versus log ¢ plots, as in the case of creep rupture,
serve 16 summarize the datsa, and provide a bagis for interpolation and
possibly extrapolation, The method 1s identacal with that of Para. 2.8.

5.0 Discussion of data as a whele
B Fvidence on form of tame-temperature relationship

The graphs of Sections 2, 3 and 4 may be considered to establash
the validity of the assumption of standard slcpes. This result tcgether
witn the more extensive 4 log t or A leog rate plots provades evidence to
digcriminate between various proposed time~temperature relationships of
wliich several, particulsrly those of Larsen and Miller?!7, Menson and
Eaferd18, and Dern'” have been extensively used to correlate creep data,

The Lersen and Miller relationship that, at constant stress and
straain,
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T (C+ log t) = constant & log ¢p, (=ay)

1s at varisnce with the stendard slopes of log stress versus log time (or
log rateg established by the present work. For, under tanesc condit:ons,
é‘(lo% ¢’L = 0,

lee. A log /80 = = (C + log t)/T e v ee [32)

580 that, for given AT and T, A log t varies with t. Tihwus the lines of
log stress versus log tirme for different temperstures are represented as
being not parallel.

The remaining two relations are not inconsictent with the standard
slrpes, but predict forms of A leg t versus T curve at varzance with most
of the data presented, Thus the Manson and Haf'erd relation, effectively

log © + BT = oconstant = log ¢y {say)
provides 4L log /00 = - B, a constant, .o . .e (G}

50 predictin. that the graph of A l¢g £ versus T is a straieht line; while
the Dorn relaticn

t e ~( 8Hr/RT) = ¢p say,

czn be wrotien

log t - (MIx)/RT = log ¢y,
which provides 4 log t/AF = -(pHr/NT?), S 7))

tnus predicting thet the slope of the A log t versus Al graphs decrouses
with temperaturs,

The relation of the present Repcrt

(0t - )4

Lil§
=

provides A log /0T

Tt -7

predicting that the slope increases or decreases with T according as T!
is abive or below the experamental range of T,

Table IV below summarizes the evidence from tac fizures on the
curvature of the 4 log t and & log rate plots, the latier being simadar
in form to the A log t plets.  The column headings are as 1n Tsble IT,
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TABLE TV

Curvatnre »f 4 Jog t and A log rate plots

Change »f slope Number of A log t or & log rate plots

wath temperature R(1)  R(iii)  8(i1) F(z)  Cotal
Incre:siag 20 2 2 I 25
Lecreasing 9 15 11 0 35
Constant 1 2 1 O 4
% Undefined ar ambigucus 28 9 25 3 65

The piots an the last row are meosily those That contain only two
points ernd therefore give nc informetion as to curveture. In the
remeamng rows, only 4 plots support the straight laine of the Manson and
Haferd relstion; the 35 plots wath decresasing slope favour the Dorn
reletion and that of the present Report equally since the dilference in the
curvabture predacted by these relations 13 within experimental error; while
the 25 plots of the first row with incressing slope support the relation ¢
alone, Tlms 1f a commen form of tumewtemperature relationship 1s to be
used for all materisls and slopes, then tnere will be many fewer discrepon-
cies 1f the 5 of the present Reprrt is used.

.2 Propsble errora in the T!

“he use ~f ¢ havang been Justified, 1t remains to discuss the
significance of the experimental values of TF.

An independent estimate of the error in T' can be ubtazned for
those materials for which both creep-rupture and creep-rate data relate to
k = 1 (di.e, both conditions (2i} and (ii11) eppear to be fulf:lled) so that
each provides an indevendent value »f the same T' (cof. Para. 2.4).
Differences are ckserved vhach provide eviderce ag to systemetic and
random errors in T,

4 difference in T' for a sclitary material provides virtually no
evidence; but on the assumption that all experimenta. points are ejually
liable to error, the combination of all available differences provides
encugh values for statistical study, Such combination must teke account
of the widely daffering amounts cf evidence for establishing the iniividual
T': 21t 1s assumed that the probable error in T' is inversely proportiocal
to the square root of the nunber of experamentsal points and to the range
of experimental temperature, and is directly proportional to ihe difference
between T' and the mean experamental temperature Ty,  On the assumpiion of
a Gaussian distribution of the error in the indivacual 7', the distribution
of errors in the difference (T'y (rupiure) - T'¢ (rate)) was found by compu-~
tation to be Gaussian, with a probable errrr sq related tc the errors s,
and 8. of the indivadual T' by the approximate formulae

i

54 sp (1 + 031 %8/, ), B> s

it

Sd SE ('E -+ 0431 Sr/sg)’ .‘3S > Er e (4)
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Fach experimental value of (7', ~ T'.} was therefore assigned a welghting
factor 1/sy, and the weiphted oglval distributicn curve 1s shown in
Figure 10, T% 18 seen to be closely Gaussian, thms both confarming the
assumptions and ind.cating no apprecisble systematic differences between
the T'.

By combining the indivadual weignting factors for each sest of data
with the stondardised experamental error (1.e. errcr for unit wel,liting
faclor) rrom ¥ugure 10, estimates of the standard deviations in Table V
wers made, tne table relates only to those materazls for whach comparison
was poscible Ior at least one slnpe, but ror these materials includes
values for all slopes for which a ©f was determined, The table gives for
cach material and slope separately the experimental vaiues of T', and T'g
taken from Tabie IT, the standard deviations sy and sg, the most probuole
mean value of 1, and 1ts standard deviation s,

Sa3 Significance of differencez between lhe T!

In order to test the significance of differences between the mosit
probebie T' for a particuler slope but dafferent matericls, the andivadual
™' zre compared in the last column of Table V with the weléh&ed mean 7!
for all materials that have that slope: the depsrture of the T' for each
materiel from thais meen is shown ag a fraction of the standard deviation
of the 7' for that materizl. This column suggests that the T' for slcpe
5 are significantly different for different materizls, but that the differ—
ences for the nther slepes (for which however there is less evidence) are
not significant. Por any one material, the T' for different slopes are
in general significantly dafferent. The weighted mecan T' for a perticular
slope, taken over =211 the materials, differs markedly from the weighted
mean for any other slope.

Darect ocomparison of the T' in the above manner 18 only possible
for the materials for which two independent estimates of the value were
avarloble; for the remaining materizls, the error an 7' can be asseased
either by sssuming that the scatter in each experamental point 1s the
same as {71 the material of Table V, or directly from the 4 log t versus
T plots, as in Figure § of Part J. The scatter in the grsphs of log
stress versus lng time, log rate, or lag ¢, suggests that the first
assumption 1s probably safe for the remsining data. The scatter an the
best of the method (1) graphs is apprecisbly less than that for the data
of Table V {see Section 6.0 and Teble VI), arnd these graphs confam that
the T' are in general darferent for dufferent slopes and, fur the same
slopes, fnr different materials.

There sre fave materials (18-8-~Cb, DM2, 24Cr - 1Mo, killed carbon
end H1lmo steels) for which a ©' was obtainable for the same standard
slope both for terms with x = 1 (creep rate) and ¥ » 3 (creep rupture):
these 1" daffer markedly, suggestlng that terms in Equation (1) wath the
same x/B but different x have in general different T'.

Although the T' for a given slope are in many instances clearly
dafferent for dzfferent materials, the scatter 1s such tnat for a group of
related malerislis the differences are barely distinguichable, so that
the use of common valnes mey be considered {cf., the common "activation
energy' ol Reference 19)., There were however very few instances of
extensive cato for which common values could be used for different slopes.
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el The common value of A, and interpretation of the 7!

No individusl set of data 1s adequate 1n range and consistency to
determine both A and T' directly. Since the values cof T' cbtained depend
markedly on the chesen value of A, the cvidence for the choice of A = 20
rests mainly on the physical reasonableness of the T' as a whole.

The velues listed in Table IT, which are based on A = 20, are seen
to fall between the absnlute zero and the melting point, except for those
from three sets of data whach were independently shown ( Para. 5.5) not
¢ satisfy the conditions for the analysis.

A further indication of the reasonsbleness of the T' is provided by
the e~rrespondence, for the Nimonic alloys, between the T' for slope § and
the solution treatment temperatures, This correspondence was noted
in Part I for 4 sets of tebulated data: a comparison of Tables I and II
of the present Report extends this to 7 sets of direct experimental
data, and also shows that, frr Nimoniec 90, when the solution-treatment
temperature was chenged {'rom 1050°C to 1150°C, there was a corresponding
chenge in the T,

For the other slrpes of the Wimonmic alloys end for the other
solution treated materials of the table, the indications are fragmentary
and inconclusave, and for twe materials (S590 and 8816) the T' are below
the working range. Such volues in Tsble IT are usually associated with
materials that have a nomalizing or smnealing treatment rather than a
solution-treatment., All low wvalues of T' are outside the range of nocminal
neat-treatment tewperatures, but it appesrs from Table II tnat most of those
for slopes  and z fell within the range of temperature over which "blue
brittleness" may be observed.

On the present evadence there sppears no need to conmader =z
vzlue of A other than 20.

5.5  Departures from Bquations (1c) and (2a)

Tt remains to consider the 13 sets of datz whach depart from
Equations (1c) or (2a) by more than the experimental scatter, Departures
are ¢f two kinds: farstly, those probebly due to incomplete fulfilment
of the conditions under which the approximate Fuuations (1¢) and (2a) hold,
but where the data are qualitatively in agreement with Eaquation (1), and
secondly those for which the 4 log t/T or & log rate/T plots are not in
accwrdance with ¢, and where the data are therefore nol in accordance with
Fquation {1) as fitted.

&Ls a generzl comment,but especially ain regard to rupture data con-
trolled by terms with k = 1, disagreement would arise from systematic changes
in the strain at rupture with stress or iemperature; for Equation (1c)
relates to constant strain, No clear evidence of a systematic bias due to
these changes is however provaded either by the graphs of Figures 47 to 59
(whaich contain the only available strains for all the data considered), or
by the analysis of Para. 5,2. Rendom changes presumably contribute to
the randem scatter, and the cbserved scatter (cof, Secticn 6,0 and Table VI)
1s, a8 wauld be expected from thus cause, greater for rupture data with
¥ = 1 than for the other data.

The five examples of the farst kind comprise the rupture data for
DY steel and the creep-rate data for this steel and 16-13-3, 25-20 and 18-8
steels. For each of these there is evidence that terms with more than one
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value of g are present. Thus, 1n the data for the creep rupture of
Dif steel, while the Iimited independent evidence of Table III favours
condition (1), ihe transitions in the ler stress versus log tame plot
Fagure 61 change from abrupt at low temperatures to gradual at aigh
temperatures, so that Fuaation (1¢) 15 an over-sumplafication. The come
plete Equaticn (1) is able to zccount for this effect 1f terms with the
same slope - k/B but different x have different 7! {cf, Para. 5.3): but
the rupture datadlone iz wnsufficient co determane the roquired constents,
end so the fipgure has only been fitted for sach temperature separctely with
standard slopes or a standard curve as sppropriate, Tor the creep-rate
ta frr this and for the other three steels whach 15 presenied in
Figures €4 to 87 and Bhka to 87a, the independent evadence of Table ITII
shows thet condition (21) is not satisfied: the creep rate is presumebly
contributed, not mainly by the t' term as in Figure 1b but by a combination
of all terms as in ¥isure 1a, Toe creep rate would be expected to follew
the standard curves of lop stress versus log rate, or log rate versus
temperature, only in the unlikely event that all terms were present in the
same proportiens at different stresses and temperatures. The curves in
fact 1t the data poorly, and for the first three materzals a fit is only
obtoained with a T' sbove the melting pcint. The broken lines (cobtained
from Equation (22)) are intended only to indicate the degree of misfit and
net to give a rellable summeary of the properties.

There are eight instances of apparent systemetic departure of the
second more serious kind from FBquations {1c) and (2a). The departures for
twe, however, (Iaconel X (Figure 23) and 16-13-3 EFigure 35)) f=11 within
the limits of zpparently random scatter exceeded by sbout 10 per cent of
all the data coasidered {i.e. within category B of Table VI, Section 6).
All comprise departures Crem the time-temperature relation ¢ end relate
each t0 one term only of Equatien (1c¢) eor (2a), They may be seen on the
A log t/T plots for each of Inconel X, Rex 448, 2 per cent Cr Mo, 16-13-3,
Sicromo 3, and Sicrome 58, (Pigures 23z, 37a, LBa, 35a, Sha), and on the A
log rote plets ror 2 per cent Cr Mo and 8846 (Figures 6%a, 82a)., The A
log t or & log rete plotls for the remaining terus were a1l 1n accordance
with ¢. Three of the discrepant plots (for rupture of Rex 448 and 2 per
cent Cr ¥c, and Tor creep-rate of 2 per cent Or No) were sufficiently
irregular (of. Paras. 2.6, 2.7 and 3.5} nct to be immediately fitted by
any availsble time-temperature relation: four (for rupture of 16-13-3,
Sicromo 3 and Sicromo 58, and for the creep rate of §316) were those that
showed no curvature (of, Table IV), and would be better fatted by the
Menson and Haferd perameter. Discrepancies might conceivably be explained
by systematic changes with temperature in the strain st rupture as men-
tioned shbove, and for Lex 448 there 1s some evidence (cf, Reference 20} for
this view; but the evidence zs a whole does not eppear adequate to account
fer the observed discrepsncies which are up to L:1 in tame, The data for
5816 mzy be bilased by the different heat irestments used for different
temperatures of testing (asee Table 1), The remzining plot (Figure 23)
for rupture of Inconel X sghows a rather lsrge discrepancy at the highest
tenperature and draws attentlon 1o a possible explanstion of these effects
within the framework of Equation (1), Tor the discrepancy appears to be
associated with the fact thet the T' for one term (250°9C for the term with
x/ =;% ; Taoble IT) lies within the experimental range., For temperatures
in the ammedsate neighbourhood of 2 7', a term 1s represented by Equation (1)
as passing through an indefanitely large velue with possibly a chenge of
sign. Thus a term nay be effective near a 7! that makes contribuiions,
at temperstures vell awoy fro- 2 7', foc =mall to be directly resolved by
the data. Altnough there 15 no direct evidence like that for Inconel X
for any other material, this possibilaty s present for all. Behaviour
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8t temperatures in the neighbourhocd of a T' is to be a matter for further

study.

6.0 Summary snd conclusions

Jne hundred and three sets of creep~rupture, creep-rate and hot-
fatigue deta hnve been considered in tais Report, including all the
data (92 sets) an the L compilations. Of these, 96 and 85 sets respectively
were suffaciently extensive to deiine a relationship between stress and
time or creep rate, 2 (for ¥ 155) being so extensive as to justify separate
detailed study, The remaining 94 (83) have all been analysed, as far as
the extent of the data warranted, in terms of cguation {1), and have been
presented; these totals 1nclude the 3 sets of tabulated data for Nimonics
80, 80A and 90 comsidered only in Part I.

Uf these analysed, only 5 (5) were clearly shown by independent
evidence not to fulfil the reguirements for znalysis by the simplified
torms (1¢) and (2a) or Bqatisn (1); when these 5 seis were nevertheless
analysed they were all found to devaate from {1c) or (2a) an ways that
could in principle be covered by the complete Equation (4).

The 89 (78) sets that did fulfil the requarements were anslysed by
Equation {1c) or {2a) as appropriate. The scatter in tame of the points
from the calculated lines may read.ly be estimated frcm the Figures because
a gaven percentage discrepancy in tume .8 represented by a parallel dis-
placement of a standard line er curve along the log taime axis., The
displacements corresponding to *C.1 and *0.2 in log time are indicated in
Fizure 6 with examples in Figures Zc¢, 3c and 8¢, These ranges are egui-
valent to +25 to -20 and +60 40 -0 per cent in time respectively. The
89 (78) sets concerned have been classified into groups £, B and C
respectively according to whether half* or wsore of the points fall within
$Ce1, within £0.2, or cutside these lamits, 1n log time, For each set
of data the classification 1s noted in the appropriate rigure while the
numbers of sets in the different categories are summarised in Teble VI,

It was found by unspecticn thet for a particular set of data the error in
log time tended to be constent [or different slopes while the error an log
stress varied with the slope, The errors have, therefore, been guoted 1in
log time rather toan in log stress, but the corresponding stress errors
for any particular slope mey be obiained from Table VI(b).

Of the above 83 (78) sets of data, 75 (64) were sufficiently exten-
sive to define both log stress versus log time cr rate, ana loy, time or
rale versus temperature graphs. Table VI(a) shows that for 46 sets the
time errers were within +25 te -20 per cent and the stress errors generally
less then %5 per cent, and for 23 (18) sets the time errors were witnin
+60 to -}0 per cent and stress errors generally not more than *10 per cent.
The 6 (6) sets relating tc 5 materials that fall outside thus range all
show systematic departures (cof. Para, 5.5) from the time temperature
variable but not {rom the standard slopes. They are discussed in detaal
in Fara. 5.5,

Fourteen (14} sets were too restricted to estavlish the time teupera—
ture variable, and so were fa1tied witn standard slopes for each temperature

T e T T R R

For & Qaussiaa distribution, half th2 points weould be egpected to fall within +0,58
of the standard deviaticn from the mesn line,
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separately: of these, § (Table VT (a)) fitied to within +25 or ~2C per
cent 1a time, 2 to within +60 cr -LO per cent, and 3 weve outside this
ranze but gave no indication of systematic bias, The soove figures

include the )4 extensive seis ~f hot-fatipgue data., Of theze, one fell in
Category & and the othor 3 only just sutside it.

Whanit 1z rerenmbered that only for the most consistent of materials
15 the (statistically 1ll-defined) claam made that creep is consistent to
within *5 per ceat in stress or #50 per cent in time, 1t nmay be inferred
that the data studied zre adequately rcpresented by Dguation (1) with the
standerd velues of x/Q and ~. ~This representation »¢ not obfained by
taxing the liberty of an undue musber of freely-adjustable cenatants. With
the standard retins /7 regarded as non-adjustable, each term of Equation
(12) or (2a) Lovolves no mere then 2 adjustoble constants, namely the T
and the rulviplying foctor repres=nted by the free cheuce of the heignt at
shich the line of standard slope is drawn. where & term sgppears at only
cne tempersiure it involves only the free choice of tne heaght, Tor tue
75 s2ts of dota which weve fully enalysed, the numbers »f free constants
used, which are indicated by the Iigures, are piven in Teble VII, It is
geen that b5 of these required o rmore than 4 adgustable constants. Thege
nunbers need to be considered an relation tn the foct thal in addition to
the many variables of compositirn and treatment, 3 independent varzables,
nemzly siress, time or rate, and tempsreture are concerned.

TARTE VIT

Vumbers of free conctsnts requared fer fitting data

Nurber of Mumber of sets of data
free onnstorts {a) R(1211) £(ax) (1) Lotals

2 12 G Q O 12

3 ) 2 0 O 2 i .
W 15 8 14 2 39

5 5 1 1 0 7

& L 3 3 0 10

7 1 0 0 a

8 0 1 1 0 2

The graphs Fagures 11 to 67 £orm a convenient and accessible
sumnary of the direct exporimentel data, and the carves 1n full line
should give o relishle indication of the mean propertics, and their
scatter, of the materials. They «fford an mmmedicte means for cbifaining
informetion fcr temperatures, times, and stresses, belween those covered
by direet experiment, and, to the extent that accurate extrspnlation
depends uapen accurate snowledge of the bas.s from which extraopolation 1.s
made, tney alsn offer oo farm basis Tor extrapolaticn. The results clearly
show thot relisble extrupelatiors are not to be expecled Trom use of &
single oversll time-tesperaiure parameter in the somncr of'ten atlempted,
end tusy also discredit the uwe, except in specisl circumstances, of the



- 25 -

Larscn-¥iller, Dorn and Manson Haferd parameters. The prssent formula (1)
oifers & method free Trom these objections that may be wortny of traal.
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TABLE I

Fleurn apperg, ant milves of ©', for ceic of Tabis I

Slope -.E‘-ﬁ- Siope 31; Slopa % 8lope _1?‘
lnterial bl Vo . . .
&gt R(1)  R{L11) (i1} F R(§)  R{111) E{11) F R(I)  R(111) &11) F R(L; R{Lif) &(1D)
Gigoniec £ <1 11 1030
Ninopis 30 = 117 i2 B8 130n% 0 1200 (1300}
Mimonic Bod ~ I 92 1080 e
Mimonte BOA - 11 14 T1080 1 1aa®
Niroric 574 -~ III 1, 1480 1200
¥ironfc 0 = | 16 {1083 1080 1240
wimonie 90 - I 17 & 1150 1150 1253 {115C)
Nimonic 90 = IIT 18 1180 1775 14500
Fimonic 95 = I 19 N30
Nimonie %9 = .1 20 1150 1350
Kimeonic 107 =1 1370
Ge32 22 50 1230 1350% 1350
Ingerel X 23 850 1050 500
Gu3h 2 1475
3315 % . 73
Helib = {420} Lo~ (LO0)

Hotes Lo Table 11

R, &, ana F refer to creep rupture, creep rate, and fatigue respectively; numbers {1}, {1i) ana {1t} refer to the
cerresponding methods of redustion of wato.

£ 7 Indicites T adopted Cronm ginllar moterial,

{( ) Indicates T adgptad from adjasent slope

* Indicates sense of M (Para. 2,4) not determined by data.
={'" Indicates markedly frreguiar A log t (or A log rate) graph.
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TABLE 1 (coattg)

Chemical compositions heat Ureatments, gid seurces of morg 2xtenslve daty

Composition per eent
Haterial Condition : - Ret
c o NI Co Mo gy T Fe A& s M Ciher
i8-8 + Cb AsCe from 9259% 0,08 12,25 12,93 0.58 0.58 1472 6
Red Pox 36 A.Ce from 1050°C 0.10 mex 17=20 11-13 ;\?‘15* 0.8 max 2.0 max 8
reB (1) =1 1 hr3d50% A.C. 0.15 .06 12,36 i,52 Bal. 0,80  1a17 9
FCB (T} = 11 1 hr 105000 A,C Ou15 Mlh 12,36 1.52 Bal. 080 1,17 9
o2 Annealed 8405 0.0 0,97 0u55 Bal. 0,25 0,3 &
25-20 ana from 11&% 0,11 2.3.50 33.55 Baln 0.75 0.58 6
Ga13 As Cast Cu3l 19,9 13,0 10,1 1,57 297 Bal. 0,8 067 W 287 9
25=12 WG, from 120000 006 2h, 56 13,40 Bai. 0,42 1455 5
10=13=3 Welle frTom 1090°%C C.08 154442 13,404 2,81 Bal. 04u5 1,40 6
Rex 3374 Soln treat 123090 gzed 70090 0,19 13,75 18,25 6,83 3.04 0,81 Bal. 0,63 0,61  Cu 3,35 9
023 156 17.85 6,82 3.75 0,82  pal. 0451 O 7L  Cu 3.55 9
Rex L4L8 0, C, 115000 tempered G500 D422 10,50 1420 0.69  0.62 Bal. 0u39 _ G877 ¥V 0,19 9
o o 24 "0,10=  PhO= 14.0- 1251 8
Red Fox 31 oG 1100% iO.ES o 17.0 20 .0 max
24 Cr Mo Amnealed BLOSC . 0415 2.2 0.90 0,33  0.39 \ 5
QUL ~ 1 Normallzed 940°%C L 0.75" o.Lo- -0.30= 1 8
CreL, - 11 Annealed 94OSC PR L 0,70 0.8082 , 20 J 8
CR1.2 I Tube arnealed 930% E
2. S0 0.3 8

CRM,2 11 Nommlised 500% tempered 730°C ,L 0u15 max 2,2 ?,193 0.50 mex 0.6%- ?‘ 8
CR1.2 I1] Acnealed 930°C } 3 8

Y
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Chemieal coppositions, hest treatments, and Scurces, of morg extensive data

TABLE 1

{contt d)

Material

Killed carbon
Siimo

| o

% Cr Mo

Blerome 2
Sicromo 3
=G Cr Mo
L~&% Crto + Ti

8locromo 53
Sicromo A
Sicromo 7
Blcremeo 9
18~3

S.816

Condltion

Annealed 85000
Annealed 8L0%C
amezled 8409
Amnesled 840

Anrealed B4L00C
Annealed 840%
Amnealed 8400C
Annealed 8709

Annealed 8L0°C
Amnesled 840%¢

Hormlized 950%,, drawn 815%
normalized 9500C,, drawn 815%

Wels, 10900C

1801n trest 12509C: aged 16=24 hr at
<fz?eo for tests at 650 to 760;

aped

(at 815% for tests at 8150¢C

0e15
Ou11
0413
0,11

0.09
0e12
010
0,10

.10
0,10
0.1

0.12

0,06

0.0
Da52

cr

2,08

2,06
3e25
5¢09
L.98

L83
9 [
Ted3
9.50

17.75
20,58

Ni co Ho

Q.50
0452
0,50

Q.51
C.50
0455
0,50

0,51
0.1
0,59
0,55

Ge25
13660 43,86 3,98

19,80 20.3h 400 L.30

Composition per cent

ch
(B} Ti Fe

Bal.
Bal,.
Bal.
Bal.

Bal.
Bal,

Out Dal,
Bals
Dal.
Bal,.
Bal.

Bal.

23

0.28
1e35
0,25
i

132
1.0
D418
G¢38

155
137
0a82
0467

0.61

tin

0ali5
Qe 30
0.49
Cali5

0.0
043
QU5
0.l

0.3
Qu57
Ouls3
Dol

0e50

1,01
1,16

Ref
Other
&
6
&
&
6
G
6
5
6
)
6
6
6
W 3.70 |
1




TABLE 11

{conttd)

Flgpure pumbers, and yolues ¢f 11, foy gate ef Table 1

Mat

ericl

Killed Carben

Silme
C=tic
2% Cr Mo

Sicromo
Bicroow
11‘6:-('1 Cr
f=5% Cu

Sicrome
Sicrome
Sicrome
Sicrome

i8-8
5.816

2

3

Mo

Mo + Ti

55
S5HS5
7
oM

Slope i%i Slope % Slope 4

Fig, Nc.
R 8 » L ]

ALY R(11) E(11) F o OR{1) R(:1) i) F o OR{I) R{i11} &(i1)
15 65 {220} 10* 2o0, 320
46 68 760 . 225 950
L7 66 380 50 2,0 200
L8 69 350 310 240
g 70 280 280 260 200
5O T3 3607 260 200
51 7h 300 Q0 . 400 200
52 76 Leo? Lho 190
B4 77 9B 865 190, 1,0
53 78 410 420 Lin
55 79 350 00 310
56 80 370 350 300
57(87) 330 =200 200 =200
58 82 340 410 34 390

Notes to Table 11

F

Slope %

R{1) R{ilf)

(2L0)

-
1, €, and F refer tu areep rupllle, creep rate and fatlgue respectively; numbers (1} (i1} and {111} refer te

the ecorrespending metheds ¢of reduetion of data,

C] Indicateg TY adapted from simllar material

{) Indicares Tt adepied from adjacent slope

* Indicates sense ¢f T! (Para. 2,4} not determiced by data
* indleates markedly irregular A log t (er A lug rate) graph

£(11)

100

t120%

156*
-100
~250

ac*

=2C0
=200
-200

=250

F




TABLE I (conutd)

Lemicnl coppositions, heat Lreatments, and saurces of more extensive dela

Compositioh per cont

Haterial Condition Ref
¢ e Co Ho  (ym T Fe A& St M Other
Soln treat 125°%C 1 hr W.G. For
tests .t G43-7509 azed fo-2l hr
54590 at 7629, For tests at 5159, Sal5 2.8, 19.62 19,2 2,70 L.t BaL. 1,57 W 3495 15
aged ot %15%. For tes.s at
S70VC-10360C aged at 735=0C.
i Annealed B40°C 0,07 1.2 0.54 Bai, 0,72 Q.42 &
Sicramo Anaeaseqd 809 0,11 2,50 8450 Cal. G732 0u41 6




TABLE 11 {(conttd)

Flpure ntbers, ond wines of T', for doia of Table |

Maierrial

84590
o
i Slcramss 2%

Slope = Blope & 8lope } Slope 5
3
Figo ;'IJ‘ ©
R & F ]
R(E)  ROE11) &{11) F R{I} RE11EY  E(4i1) 7 R{1}  R{$11)  E{11) P R{1) REESS)  S(1D)
5 83 Leo L1o 350 330 1340 1320%
{6%) {3 1800 100 1250
7t {110} 110 {110}

Hotes to Table II

R, £, and F refer to creep rupt.re,creep rate and fatigue respectively, numbers (1), (i) and {1i:1) refer to
the correspondfng methods of reduction of data,

*  Indicates T' adopted from sinilar mecerial

}  Ingicates T' adonted from adjscent Slope
indicates sense of T'  (Para. 2,4) not determined by data
Indicates marked.y lrregunlar A log ¢t {or A log rate) graph

T

mgg-...



TAB

LE IA

Chemical compositions, heat trestments and sources of iess extensive data

COMPOSITION PFR CENT

Katerial Condition Ref,
o cr Wi G0 Mo g,g’ P We AL Si Mn  Other
. N 0
ge':agﬁ A I Not gaven. é
FCB(T) “laterials vested Hot gaiven 9
Nimonic 75 in tube form, 9
) ; . o. 0.2 OolyFmn 0.35 0,40
Bashete DYC Normalized 940°°C e 0.65 mat 0,70 8
G 188 ?;égoéf&ém T0.3¢ 12,9 13,0 10,3 1.6 2,98 - Bal. = Ak O.81  2.66W 9
. 0.16 O o 40~ Cell0 0,60 B 0,001-
Fortneld - Nomalized 940°C ° o.éo o ooos 8
.
2;2 ’:; 1031%011 Not given Not gaven 9
Al Ni Fe Hn 83 Sn n Cu Ref,
HI;‘%?X “ . ks rolled 10,93 5 .82 476 0.27 Bal. 9
Hadursx « I As rolled 9.58 L6 L.55 0.19 0.10 0.16 0.09 Eal, 9
Hidurax - Ammealed 2 hr - - - .
v 600-650°C 10.69 531 549 0,52 G0 0.08 0,07 Bal. 9

- lE -
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RN

Mipguice numbers for data of Teble In

Material

Rex 3374

i
|
!
|
i
. }
PC_: (T} i
Niwenic 75 J
zsshete DLOC
G183
ortiwald
Ge30h C S3eel
Hidmrax L7124
Fadarax 1

Indurax IV

1n tube

form

fig. No.

REZF

&0

G2

63

6l
S
95
<6

O
~d
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i1l

Evidence of criteria for creep~rupture and creep-rate data

Material

imonic 8C-I

Himonic 30-11

Wimonic S0A-1

Nimonlc 80a-TI

Himonle BOA=ITI

Wimongk 90~I

Ninoriie 9011

Kinonk 90111

Himonic 95~1

Nimonic $5-11

Mimenie 100

G 32

Insonal X

G 34

35 =15
q 45

Criterion

{a)

(a}

{a)

{a)

(h)

{a}

{2}

£}

{c)

{a}

Nature af evidence

Upturning creep curves

N3 per cont,

Upturning cres
0.3 per cent.

P CJrvas

Uptarning creep curves

0u3 per cent.

Upturning creep curves

0.3 per cent.

Timg to 0,2 per cant nore

Data and
agthod

above R{1}

above R{1}

above R{1}
k(1)

abave

R( )

than 30 per cant cf time to

rupture.

Nene,

Upturning creep curves above

0.3 per cont.

Mostly upturning creep curves

above 0.0 per

Upturning creep curves above

U3 per cent,

Stress to rupture no more

¢anb,

R{1)

R{1}

R(1}

R{1)

R(D)

thar 10 per cent greator than
stress for 0.5 per cent

strain,

Hone,.

Uptwrning creep carves above

Cu3 per cent.

Naones

Upturnine creap curves above

0Ou5 per cent.
NO[‘E -

Upturning cree
& per cent.

o avidence =
Ambigucus ?

Agrespent A

p curves

r{1}

R( %)

R{ L}

{1

R{1)

dbove REI)

Disagreenent D
F‘av:fourable A?

Unfavoumble D7

Form of
transitions

nong

sharp

sharp

sharp

Sharp

sharp

nigha

sharp

noihe

sharp

4narp

rnaone

nonea

sharp

Agreement
or
disagreemant

AR

A?

f




- 40

TABLE 111 {contt)

. Lgreement
Material ¢riterion Mature of evidence Datz and  Form of or

method transitlong

disagreement

18 =38+ Ch (d) Bxtrapolated cresp rate R{ 1} sharp D?
3 % 10%3, acting for rupture  B(1§)  gradual A
time 3,400 hr gives 10 per
cent cut of total 4k per
cent strain, Condition
(11) satisfied, (i) doubtful.

Red Fox 36 {c) Btress to rupture is on R{1) sharp A
average 10 per cent greater
than stress to 1 per cent
strain.

FCB{T)~I (a) Upturning creep curves above  R{1) none -
042 per cent,

FCB{T}~11 {a} Upturning creep curves above R{1) none -
Q.2 per cent,

oy 2 {q) Extrepolated creep rata r{1) sharp b
6 x 1072 for 1500 hr gives 9  B{i1)  grodual A
per cent out of 33 per cent
total strain, Condivlon {Li):
satisfied, condition (1} ‘
probably not,

25 - 0 {q) Creep rate 4,2 X 100 pives R(1) sharp A
0.4 per cent out of 3 per cent 3 gradual A?
total seraln, Conditicn (1) {T! above
satistied, conditios {11} aot. Hall )

G 19 {a) Unturning creep curva above R{ 1) none -
2 per cent straln,

25 =12 {d) mxtrapolated ¢reep rate r{1i} sharp A
1 % 1077 for 1400 hr glves 3 {1ittle ?
strain of 1.I per cent out of data)

12 per cent total straln,
Conditlon (1) satisfled,
congdivion (11} doubtfuls

16=13=3 {d} Creep rata 1,6 x 1077 for R(1) sherp? A?
2800 hr gives strain of 0.45 £ gradual A?
out of 18,5 per cent total. (T* abave
Condition (1} sztislied, Lo Do)
condition {ii) not.

Rex 3374 {a) Upturning creep curves above R{1} sharp A
1 per cent straln.

Rax L4S {a) Upturning creep curves above  R{1) none -

1 per cent strain.

e evidence = Disapreemsnt D
Amblguous 7 Favourable A7

Agresment A Unfavourable D7




TABLE Il

{oonttd)

raterial

Red Fox 31

fsshete CML~I

25 Cr =1 o

Esshete CML-II

Esshete CRM2~I

Eschete CRM2~IT

Esshete CFM2-I11

Killed carbon

8ilne

Criterion

{¢)

{a)

Mature of evidenca

Stress for rupture 20 per
cent greater than stress
for 1 per cent stralm:
evidence doubtful.

Hone,

Extrapoiated cresp rate
I x 1072 in 1500 kr cives
sirain 6 per cent cat of
I5 per cent total. Con-
ditden (i1} =atisfied,
gordition (1} probably
satisfieds

Strecs to rupturs 20 per
cent greater tpen SLIess
for 1 per cent straine

Condition (i) deubtful.

None,

Stress for rupture 20 par
eent greater than stress
for 1 per cent strain.
Contition {1} doubtlful.

Stress to rupture 50 to
10 per cent grealzr than
gtress for 1 per Jent
strefn, Ceondition (i)
doubtiui,

Creep rate 1.2 x 1077 for
14,000 hr sives 1.7 per
cent, strain out ¢f ﬂggr
cent tctal; 3.5 x 10

tor 1,350 hr glves La7 per
cant oot of 27 per cent
totals Condition (1i)
satisfied, conditlon (1)
Goubtfule

Creep rate 8 % 10°° for
3,700 hr zives 3 ser cuit
strain out of H per cent
total., Cerdlt.or {1
satisfied, condivion (i)
noel.

No evidence =
Ambiguous ?

Apreement A

Favourd le

Data and
method

ait)

R(1)

a(1)
e{ i)

af i}

R{1)

R{ 1}

R{1)

HE3!
Sl

Dissgreerent D

v

A?

unlavourable 07

transitions

.

Form of

sharp

sharp

sharp
gradual

none

gharn
eradual

sharp
gradisl

Agreenent
or
disagreenent

= -




TA#BLE Iil (et

Haterial

C=Mo

25 Cr«iMo

Sicromo 2

Sieromo 24

Sleromo 3

L to B3 Crtlo

Criterion

(a}

(4

(d)

{d

(a)

Data and Form of

ilature of evidence
method transitions

Creep rate 6 3 1076 ror R{111) gradual
LOOC hr gives 24 par cent 211 gradaal
ocut of 5 per cent total

strain; 3 x 106 tap

%,9C0 hr glves 1.2 par cent

cut of 15 per cent total

stralny 1,3 x 10”5 for

3,200 hr gives le2 per cent

out of 13.5 psr cent total

strain., Condicion {1}

satvisfieds Strains to

rupture 6, 5, 15, 13.5, 8,

17 per cent, Condition

{1:11) partly satisfied.

Extrapolated creep rato n{ii1} gradual
L x 1072 for 4,500 nr glves £(11) mradual
10,5y per cont out of 54 pe~

cent total straln, Con=

dition (i1} satlsfied.

Rupture strain 60, 42, 54,60

per cent, Condition (111}

satisfied,
Extrapolated croep rata R{i11) graduzl
8 x 1075 for 900 hr gives (1) gradual

7.2 per cent out of 63 nar
cent gtrain, Cenditlon
(111) doubtfud {put pocr
evidm ce), Rupture
sireins bi, 51, 6%, 63 per

Cont,

Hone, £(11) gradusd
metrapoleted creep rate R{114) gradual
" x 0% for 3,800 hr zives i) gradazl

7e2 per cent out of 5C per
cent total straine. Condi-
tion (i1) satisfled, condi-
tion {{11) doubtful, RHup~
tare strains 52,5, 59.5,
5027y 7e5e

Extrapolated cresp rate g{iii\ gradaal?
1.8 x 1070 for 5,400 hr Ze11) gradual

glves ¥ par ¢ant strain out
nf 22 per cent total:

3 x 10™ for 2,706 hr gives
8 per cent oui of 33,5 per
¢ent total, Condliicn
{11} probably satlsfied,
condition {131} doubtful,
Rupture strains 48, 20, 33,
22, 51 per cent.

e evidence = Discgreement D
Ambloucus ? Tavourable AT
Agrsenent A Unfavoursble D7

Agreement
or
ClSagresmant

A7
A

-

A7

AT




{ const )

Haterial

4 to &3 Creho

+ Ti

Sicromo 58

Sicromo B8

Sicromo 7

Sicromo M

Criterion

(d

()

(a)

{d)

(a)

Foria of
transivong

Data and

Haturs ot evideuca K
melpnod

gradual
aradual

Extrapelated creep rete 107
for 2,000 nr glves 20 per
cent strain out of 56 por
cent total, Condition {1i)
satisfied. Rupture straing
o, 45, 55, L0 per cent,
Contition {1ii) satisfied.

R{11§)
(i1}

afi11)
& 11)

gradunl
graducl

Extrapolated creep rate 10™'%
for 90C hr givas 9 par cent
cut of 75 par cent total
strain. Condition {11}
satisfied, condition (131}
probably satlsfied. Aup™
ture strain 535, 63, 75, li,
74 per cent,

pliti)
2(11)

gradual?
gracual

Extrapolated opreep rate

2y 10™5 for 2,700 ar gives
Selt per cent strain out of
50 por oont total, Condi-
tion (il} satisfied, condi~
tion {111} probably satis—
fieds Pupture strains 5o,
48, 50, 85 per cent,

IS B
Q1t)

gradual
gradit.d

cytrap olated creep rate

2 x 1073 tor 1,0 hr gives
Zel; per cant out of 56 per
cent {but poor evidence,
Cundition (11} probebis
satisfird, condition {111)
propably not.  Rupture
straias 4, LL, 55, 8C nar
Ceni,

aradusls
graduel

Ertrapolated coeen rata

7 x 1075 for 2,500 hr gives
13¢5 per cent total strain.
Conditions (11} rnd f113)
savisfled, ercept for
changing rupture strain 31,
L3, 52, 98 per cent,

R{ii1}
E011)

gradunl,
cradual

Abnornal form of ¢creep R(111)
curveg sziven for a ateel of £
similar coupesition in

Reference 16, Figure 2,

indizates condition {11)

not =atisfied, condition

(111) satisfizq,

agresnent
or
disagreement

A

A?

A7

&7
i

A
A?
{poor fit)

o evidence = Disazreament D

Anbizuous 7 Favourable a7

Agrezaent A Unfavourable D7




L

83 ple of ovilw oz, criterion {d)

Pata .
< Haterisl " - - " aic pethon of Form ol
5 Cresy ot [ime o St-ain fr-m Fotal peotblug ) trensicior
per cart/hr  raatire =1 L BUTIL
: . N - . . . B
|
I 815 1o¥ 1073 10 19,7 AL1) gredual
[V I 2049 2.09 3.1
! a,002 nB2 1.3 5.6
I 120 n.092 11 15.. )
' 1.6 J 3.9 7.5 71 i) gradig,
‘ 7.6 5 107 2,018 1.53 7.1
' 3,000 0.0055 14.5 18,
’ 15 C.37 5t 3G
E . 0.1 1i2 1.12 oo
E congition (1i) satisfied, conditiun {1%y]
) 'oopenernliy satisfisd ezcent for ohmaring
: stralp at runodre
1} - .
'5580 220 203 16y 2 R v (121) _radie ]
' 1.0 e Ba ad
. Out ™M R b .l :
3,000 0.0214 7 22,9
1,0 SR 9,9 e é(;;} L0l
] £.0003 7,0 3.2 »18.3
260 Je 022 7.3 13. - , ’
0,901,112 1.36 10.5 !
2,000 C.003 1% Meat
C.027 1075 o7 e
170 2,066 1h.6 2..5
0,M32 530 1.76 T
: .2 0,33 70 3545
| 275 1.5 5.9 2.5
1
Cormitior [11) »atistled, condatier {1i31)
denerally sctislled excest for cnangirg
gtral» at rustursz
T3 . -
oM 1.2 % 10_6 5.151 0.74 5.3 R some aorurt
121 x 10'§ 1y D30 0.d2 .2 sone grodual
2,5 % 107 1,352 0,34 23.0
LSy 1978 ToE C.hi7 17.6 & gradaal

Conditiovn (1) satisfieq, conditinn {i1}
Lot saticlfiad

arres ent

or

digsapresment

JAL

(Tt above
e Da )




Rupture Rate Mean Deviation of mear Tt
tateral m| c . . - 5 from overa.l mean
1 r " e S L
Sicromo 2 260 a2 250 g2 1.5
-2 s816 340 5 A1c Y 3C 30 .77
@ 3590 Lao 24 4o i3 L0 15 0.47
b
Overall welghted mean ' = 403°%C
C Mo 380 Lo 90 B84 350 37 +0,38
2% Cr Mo 350 31 310 24 330 21 - =0,23
S1cromo 2 282 30 260 27 270 21 =3.1
Sierons 3 360 15 260 L3 3o 1k +0.29
. 4G Cro 3c 18 100 & &5 17 ‘?-f
o 4=63 Cr Mo + Ti Le0 50 Lo 42 L3y 39 2
S Sleromo SIE 1410 30 h2n 408 Lo 28 +mg}
o Sicromo 7 350 23 30 270 350 22 +2-6j
3816 30 26 390 35 30 21 +Uela/
5590 360 13 330 13 510 #0.30
Overall welghted mean T* = 336°C .
¢ Mo 2040 6 200 33 230 14 +0.43
%5 Ir Mo 2o 75 o 75 +0.21
Sicromo 2 200 a7 2 a7 ~0.28
Sigromo 3 200 L7 200 L7 -0,51
1~ befg Cr 1o 0 B 200 o7 Xy 32 112
8 L=65 or Mo + Tt 190 35 10 A5 -0,9';
5 gicroro 58 190 37 130 58 160 29 -2.2
0y Sierons 5MS Lo 114 . 10 1id +1,5
Sicrome 7 310 140 310 e +0.61
i Cverall weighted mean ©F = 22l 7g i o ) ’_1
Sicrome 2 “i 113 -130 113 4010 \
Siermo 3 =23 {70 e VIR '+ ~C 70
o L-G% Cr Yo 3C0 130 LU0 130 b33
“;) 4~5% Cr Ho +T1 9o 11 90 113 +1.7
2 Sierpne B =200 112 =220 112 -2
b Sicroms 7 =200 12 VI & 1= -0,62

o et e
prrsagarminppuirieipblun

fe




TABLE Via

Jumberd of sets of data falllng within varfcdas ranges of error In timg

liumber of sets of data

BExtent of analysis Categery Range 1n time or rate
R{1) RES11Y E{Y F{i} Total
Data fuily anatysed A -0 to  +25 per cent 30{2 33 12(12) 1{1) b5 bo)
in accordance with B =40 to 460 par cent i14rd) 5] 5(3) 3{3) 23(18)
Bauaticns (i¢) or {22) ¢ < =L0 to > +60 per cent 1(1) 35 {2} o 6{5}
Data only analysed A =20 o +25 per cent {6) (o) ) {3 {9}
In respsct of stress B =40 to +60 per cent {2) {0) {0} {0) {2
and time or rate C < =0 to > 60 per cent {0)] () {9)] (3) {3)
TABLE Vib
gtress errors corresponding to specified time errors
Slope
L L d. L L
32 16 8 I 2
Log tlme error Time error Stress error per cent
+0,1 =X to +% per cent 0,7 uy P Y 13 15 =11 to +13
10,2 =37 to +58 per cant gk N 11 3 16 =11 Lo +13 =20 to +25
*Q.3 =50 Lo +10Q per cent 2 + -5 to 43 -5 Lo +19 -5 1o+
Notea: (i) Time ranges are those whaich liclude at least hall the

experinental points.
{ii} For headings sae Table Il.

(111} Dracketed fizures refer to data from ths four complla-
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