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SUMMARY

Published experaimental resuits are assembled to support a previously-
given theory of uniaxaal deformation, and the theory is then uzed to analyse
published data on the creep-rupture and hot~fatigue of engineering materials,
The theory enables data for dafferent limes and temperatures to be clacsed
together, therehy providing informat.on over a much greater range of tames
than could practicably be covered by cxperiments at a gingle temperature.
An underlyang numeracal pattern common to all the wadely dafferent Group VIII
materiols considered then shows through the experimental scalter, Data for

further engineering meterials is considercd in these terms in Part IIL.
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1.0 Introductaion

In the present Report a discussion is given of published experimental
results upon the creep and hot-fatigue of heat-~resisiant steels in terms of a
theory which although previcusly glven1:2 »2 is pertly developed afresh upon the
bagis of experiumental evidence darectly presented. The conclusioas arc applied
in the accoxpanying Part II4 to published data for L3 enginceriag materials.

The study has been guided by a belief that ihe mechanical properties of
engineering materials, Gespile their microscopic complexity, follow a quanti-
tative pattern in terrs of the four primary veriables stress strain time aand
teaperatare that i1s sample enough to be understood. Sance tne pattemn is
likely to be revealed by darect experiment only in favourable circumstances,
the wethod followed has beea to burld upon examples believed to be of {l.is kand
towards a wore comglete understanaing of the general pattern.

A fact that nas come to light during the work, and has progressively
affected 1ts caréction, i1s that the range of these variables that may be covered
Oy cirecT canerlieat is too small in relation both to the scaie of tne under-
lyzng patitern and scatter in results to defane the pattzrn unambiguously. The
working assumption that the underlying pattern is universal, only numerical
constants varying from materiel to material, has had the virtue, to the extent
that 11 has held, of effectively extending experimental ranges by allowing
results for different materials and ranges to be classed together. Regular
numerical trends are then perceivable through the scatter.

By directly considering the experamentelly-found relationships between
the primary variables, with a view to descrabing these quantitatively, the
study 1s complementary to those that attempt to understand behaviour from the
metellurgical and atomic points of view. The interdspendence of these several
complementary studics is considered i1n some detail in a further Report.

2.0 Simple evidencs

Very good straight lines are sometimes observed when relationsnips
between stress o strain e and time 1, or rzte of streanung £ , at
constant temperature T, as measared in creep or tensile tests, are suitably
exhibited on log/log peper. 4 selection of examples teken from the sources
indicated in Table I 1s given in Figures 1(a) to %1). The sources should be
consulted for deteils.

In view of the fact that most resulis are lmown to plot rather as
co.atinuous curves, & distinctly poor case for a linear relationzhin 1s pre-
sented by many ol the 1adividual sets 1f considered in isolatioa. But
collectively, especarally in view of the several exanples in which thg fit as
undeniably good, they are seen to presenl a reascnaole case for the linear
relationship proposed. The siaplest sssumption to wake, on thig kind of
evidence, in view of the interdepcndence betlween the various forms of grapn,
15 that

3

(;‘ = CO‘"tK ‘e P " LR (1)

vhere the numeracal constants CGx mas be, in general, neither wholc nuubers
nor rational fractaions. This forrula, due to Wutwvang, contains Hooke's law
and the Nevtonian law of viscosity as llaitiang special cases, and therefore
commends itself to attentaonl,2,3,



From a fundamental viewpoint, since the mathematical functzons that
occwr in basic physical theory are alrost lavariably those that, by thear
very definition involve only integral or ration-fractional exponents, power
laws 1n which the exponents may be irrational are often regarded as wholly
inadmissibie, Hevertheless the fit to lines of arbitrary slope in Digure
1 15 an experaimental fact that requares attention, The problen ol whether
or not Equation (1) as it stends has any fundamental basis, however, does
not need to be answered before (1) 1s used as a tool to uncover further
evidence,

3.0 curther evidence

Fagures 2(a) to (h), of waich %re sowrces arc lasted an Table II,
show a sclection fro1 the muititude of ciarples 1o be Tound i1n which the
points from expeciments siwalar to those for hgure 1 wo not fall upen
straaght lincs. Tae first examples, in Figures 2{a) to (d), navec becn
selected as instances in which ine origanal authors have consadered that
the pointc Tall upon pairs of straight lancs joined by rather abrupt
transitions, Without prior evadence of the kind given in ine previous
Tigures, the objgection that the points Foll ratner vpon continuous curves
would be d.flicult to ancwer; but, aa view of that cvadence, the sug-
gestion of parrs of straaght lines may be accepted as not wreasonable.
Grant and Eucklin” and others have provided evidence for drawing morc
than two straight lines through their data, so that {1) may perhaps be
regarded as a special case of a more general formula off the type

By ke Ko
& = Co 'tk Cgoﬁ2t T cee (2)

~

an which Cy Bk B ..... are conglants., A physical justificacion of (2)
15 that Bquation (1) representing perhaps the simplest poosibilicy, may
be regarded as cxpressiag the effcet of a single physicul mechaaasm;  af
so, then (2) appcars to be the simplest more general assumpliion o repre-
sent the gouint effect of the many physical mechanisms that must undoubtedly
occur in a complex materaal,

Equation (2), whach does not in gencral represent a set of ctraight
Iince one for cach term, bvt a continuous curve, provides a link between
the cxamples of Figures 1, 2(a) to (d), and 2(85 to (h). 7he curvature
15 dependenl upon the andivadual valucs of the consbants 3 and « and
upon the particular pair of wvariables, the other being held constant,
bevveen which a relationship 1s consiadered, Tor experumentally-appropriate
valucs of  L1x983; ....., the theoretical curvaturce i1s usually very notice-
able, an general accordance wath cxperimcnt, in log strain/log tame and
log stress/lom strain graphs; bul 1a log, stress/log time cross-plots of
crcep data, vhe curvature accoraing to (2) 1s often esperamentally andistan-
guichablce from a set of linea. sczrents ol slope —Kl/ﬁl kn/Pa vennees
In these circumstances the magnitudes ol the terms 1o (25 change wzth stress
and tane so repidly 1a relative impor.sace, thut cach segmaent of a graph
1% deternined almost entarely by a siagle term, These features ave dig=-
cussed in more detaal n fart IIL.

The data 1n Tngure 2(a), (b), (¢) for $.590, 5,816 and 18 - & + Cb
gheel determanes only the ratios /B ond not x and B separately, so
that (2) cormnot be fully applied. The straight lines dravm by the ox.iginal
aubnors without curved trausitions correspond tec the approxamation that each
tcr, contrivutes scparately, cach walhan a particular range, independently
of the othcrs, Tipure 2(d5 Cor brass requires a Fermula simxlar to (2)
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but with symbols for stress and strain interchan-ed. This feature needs to be
considered in rclation to the comments made upon Equation (2) in Section 8,0,

The continuocusly-curved lines an Figures 2(e), (f), gg), are based upon
values of x; and «p taken for Nimonics 80 and 90 to be 3 and 3, as determined
by direct experament, and for G.32 by analogy, and in view of some independent
evadence, to be F and 4, Pigwre 2(h), agaan for Namoni 90, exhibats the results
of a detailcd analysis of families of creep curves to establish the valucs of
the constants, and shows, firstly, how the theoretical abruptness of the trans-
ition varics wath strain, and secondly, how the scatter of the points, which is
quite normal for the materials of these figures, may entirely conceal, in a
log stress/log time plot, the distinction betwcen abrupt and continuous trans-
rtions,  The bars on each curve rewrcsent the points outside which one of the
two terms coatributes less than 20 per cenu of the total.

It iz 1o be emphasised that these results are not regarded as proving
the formule, but as demenstrating its virtucs Jor further consideration.

L0 Conment

The remainder of the present Report is chiefly concerned with proctacal
crecp~rupture data. The bulk of engincering creep data 18 of this kind partly
because the experiments ars easy to perform and partly because rupture data
is generally more consistent thon thal relating to the smaller strains of complete
creep curves., As they give no information upon the separate values of B anc
# (which detcrmine the spread of the curved transations), they can only be dir-
ectly anslyscd by means of (2) to the cxtent of thie individual-term approximatiocn
mentioncd,

Their suitability for exact analysisz is also dcpendent upon the extent
to which the time to rupturs under differcnt conditicas s affected by difiler-
ences in spécimen cxtension, For materials sacl as the Ifamoaic alloys in
which the extension is not large and rupiure is preceded by o stirongly-
accelerating stage of creep, so that large differcnces of strain are only
associated wath small dafferences of time, little error is iavolved in regard-
ing crecp-rupture data as data for constant stroan to which (2} may be directly
applied; but when these conditions do not hold, unlcss umpractzcable correc-
tions were to be rade, crecep-rupturc data would not be expected 1o obey so
simple a formula as (2), It appears novertheless that creep-rupture data is
able to provide sigmficant information,

5.C Temperature sl time

It 1s neccessary to consider how deformation, e,g. creep, is affected by
a change or teuperature, For guxidance 1a this problem the simplest physical
cencept 1s that an 1necrease of to-perature, by increasing the rate of atomic
vibration, does no more than reduce the time scale of deformation, Although
not generally valic in this over-simplified Torm, the concept is embodied in
varicus practical "time semperatucs parasreters" which, although known 1o be
weeliable for lavrg: extrapolations, are nevertheless recogaisced as giving
usciul co-ordanazions of cxperamental data lor complex materials,  These are
materials to which, from the microscopic viewpoint, the principle would perhaps
lzast be expected to held, Once agein, however, thore 1s no necd to debate
whaShen tne genersl prineaple is fundamentally correct before an experimentally-~
supported particular form of 1t is uscd as an interim means for gaimng further
anformation,
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The principle is 2llustrated in Micnre 3 in application to creep-
rupture data for 5,590 stecl (source in Table III), The time to rupture
at several dufferent temperaturss i1s ploited on log/log scales {(cf. (1))
against the constant stress applied. for a get of points appropriate to
a sangle tempernture, a change of time scale 1s reprosented by o parallel
dasplacement, say A log t , along the axis of loz taime, and the stated
time-scale principle is that the points for any one tempeorature may be
superimposcd upon those for say a lower temperature by a mere displacorent
to the raight towards longer times. In these data, as in moet, the evi-
dence for or against the principle is rather meagre in view of the scatter,
and also because, owing to the rapid change of strength with temperature
and the difficultics of making measurements at very short and long times,
the inevitably small ranges of stress covercd at the diafferent temperatures
overlap over a signifacant range only when the temperature diffcrence is
small, If however the pranciple is used for what 1t 1s worth, 1t suggests
that the points for different temperatures may be relatavely dasplaced to
lic upon a singlc common scgmental curve of which that shown in the centre
of Fiqure 5 may give a first improssion, If in order to avoid using so
dubilous & principle, the form of the supposcd curve were to be studied at
a single temperature, an umpracticable number of experiments would be
required (owang to scetter) over a wholly ampracticable range of tames.

Displacement by merc inspeciion would serve the immcdiate purpose;
but the regularities ol dasplaccment sre of anterest, for the various
tame-temperature paramcters proposcd by Larsoa and Miller, }anson and
hefford, and otners may be regarded as formel oxpressions of the graph of
A log t wversus T, The values of A log t for 8.590 in Fagure 3 and
{for materials considered below viere hovever smoothed in accordance with the
rrevicusly derived parameterZ:—

(T - T)_A = constanb,y, N &)

for siress and strain constant, which is nreferrcd tc those mentioned
becausc 1t attompts to take some accounl of the cxperamental fact that
behaviour 1z dependont upon the history of temperaturc pracr to the begin-
ning of an experament, In (35), A 1s a consiant whosc valve 15 not
clozcly defined by any available data, and which has accordingly becn
standardised, at a value suitable for all materials sc Tar coasidered, with
time 2n hours and {cmperaturc in °C, at 20, Tac constant ' was antro-
duced into the theory to represent sowe averaze tomperaturc, for the material
concerned, which best characterises the previous history of toemperature®,

The graph of A log t versus T for the $,590 data 1s shown,
together with graphs for other materials considered below, in Iigure L.
The curves represent the fit of (3) with best values of T, Available
data for the majorxty of materials 1s loo sparsc and scatiered for signi-
ficant comparisons between the various parameters but & comparason is shown
n Figare 5 wilh points for Nimonic 20, A probable reason why they have
beenn found 1n partiacular instances to be inadequate is offered by the
resulis an Scctaion 7,C.

6.0  Numeracal regularities

Figure 6 shows the result of applyangz the proccdure jgust described
to crecp-rupture dala lor the rmaterials listed in Table IV where sources
of the data are given. The points are plotted to common scalcs of log
stress and log ¢, and, in order to save spacc, since only lhe slopes of
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the various graphs are of present interest, the absolute positions of the scales
are arbitrary., Straight lines have been dramm through the various points for
the reasons already indicated, their slopes being determined by the procedure
given below. The over-simplified ftime-temperature priaciple used is clearly
seen to break down vhere pairs of varallel lines have had to be drawvn, but the
faarlure, which is remedied in the next paragrarh, will be scen to be of no
umediate concermn. '

The exteasive collection of points for the Tumken 35-15 steel group rather
closely sbout a swgle line of slope 0.238, It is ihen seen that groups of
points for several of the other materials fall sbout lincs of slope indistinguish-
able from that appropriate to the Tamken 35-15,  Accordingly the lines

dravn through all these cerrespondiag groups have been assigned the common slope
O. 258.

1t 1s then obgerved that other groups of points amongst the different
materials fall about lines of apparently common slope; and, by groueing the
pounts and determining average values, common slopes of 0.122 and 0,067, shown
by the lises dravm, were identified.

Fey extensive sets of dala other than for creep apcear to be available,
at Frgure 7 exnavils date for rupture by hot-fatigue taken fram the sources
10 Table IV.  Tae; relote to veste ab zero mean stress, and ore seen to be
well co-ordinated by the tame-tempcrature variable ¢, the constants 4 and T' used,
being the same, material for materral, as for the creep-rupture data. The time
involved 1n ¢ is the taime to rupture, no account being taken of the peracdic
tame which was presumably constant for any one materazl and not greatly different,
on a logarithmic basis, between one material and nother, The peositions of the
creep lines transferred from Figure 6 are given an Figure 7 for convenient cam-
pariseng; but in view of the arbitrery choice of maxaimum stress to charascterise
the stress in fatigue, no immediatcly abvious relation between the stresses and
rupture times in creep and hot fetigue is to be expecteda

The slope of 0,067 determined from the creep data is now seen to previde
a very good fit to groups of points for Rex 3374 and Namonic 90, while the slope
of 0,122 18 nct unsuitable, G.32 is ambiguous in regard to slopes 0.122 and
0.238 but provides fair evidence for the additional slope cf 0,032,

It appcars from this discussion that, although little evidence of physical
law 1s seen vhen each set ef data 1s considered on 1ts own, especially when the
separate temperagures for each are considered independently, yet, when they are
considered collectively, the evidence is strong that the set of slopes 0,238,
0,122, 0,067, 0.032, 1s common to them all, The?e numbers do not differ signi-
ficantly from the rational fractions &, &, /16, /32, which are members of the
series 2°%, It w1ll be noted that the member with n = 0, 1f arising from
B =1 ans x = 1, corresponds to perfectly viscous behaviour, such as may well be
observed near the melting point.

7.0 Presentation of datva in terns of immproved time-lemperature principle

In view of the common slones found, the lack of a completely satisfactory
relationehip bevwsen time and temperature is seen not to have unduly handicapped
Progresss The common slopes axe aow avealable for use as tools to investigate
tne relationship in more detazls

The above procedure involving displacement of a set of points for a
single temperature, as a whole, along the log iime axis is equivalent %o the
repl-cuoent of + 1n every term of {2) by ¢ defined at (3); but question
arises whether the constent T' should be taken, as above, to be the same,
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for a given material, in every term. A common constant is certainly unlike-
ly 2f the dafferent segments in Figure 6 and terms in (2) are associated with
differcent physical mechaniams, and indeed for several of the matlerials of
Figure 6, the displacements required by the data are evadently not the same
for all scgments. The procedure of the previous paragraph may readily be
performed for each segment independently, but it 1s only by the predeterraned
knowledge of the standard slopes that precision is conferrcd oa the working,
The results obtained by applying thas procedure to the materials of
Figurcs 6 and 7, are given in Part II, together with results Tor other mat-
erials. Discussion is here limited to data for the Nimomic alloys which
have the present advantage, in addation to that mentioned in Section 4.0,
of forming a sories of five closely rclated materaals for which a useful
quantity of data is available, From the viewpoints of Equation (2), the
above discussion involves the independent-term approximation previously
mentioned, and the results of an analysis of this kand upon the tabulated
data sugplled by Mond Nickel for their materials {Table IV) are shown in
Figure 8,

The grouping of points into segments (sce Paxrt II) 1s made by
decading for cach temperature scparately a point of transition above which
all points are in pranciple assigned to one slope and below which to another;
but in view of the fact that Eguation (2) 1s beiag used 1n an approximate
manner, points near a transition are not uniquely assignable to exther of
the adpacent segments, and :n Mgure &, where the segments are shown sep-
arately, points near transitions have peen bracketed and included in both
segments. Values of T! requwred to superimposc points for different
temperatures withan each range of stress arce conveniently obtained by
fitting a master curve® of A log.t wversus T to the graph of these
quantities, The fit is shown by the full lines in Figure 9 in whacn the
points with arrows are explained in Part II.  The lines drawn in Pigure 8
have standard slopes with the rounded-off values /16, &, %, 4. The lincs
arc secn to fit the points rather closely, suggesting that the previous
evidence for standard slopes was nol merely an 1llusion permitted by the
scatter of the data and imperfections of its treatment.

The values of T' indicated by these Nimonic data appear to be
Physically significant, In Figure 9, the lines approprialc to the best
fatting values of T' and also to thesc values #20°C arc shown, It
a5 seen from consideration of Reforences 6 and k4 that the preferrcd valucs
arc determined within a range of about this magnmitude, It will be re-
called that T' was introduced theoretically as somc average temperacure
which best represents the influence of the previous history of tcmperaturc
before creep testing begins; the values found appear to correspond to
temperatures in the manufacturing histery of the materaal.

For segments of slope 3, the experimentally indicated T' for

Nimonics 80, 804, and 90, is 1080°C, and this same temperature 1s also
the specified solution-treatment temperature for these alloys., The exact
agreement is co-incidental, For Numonic 95, the value s 1150°C, and
lies between the two solution-treatment temperatures of 1200°C and 100C°C
specified for this material, Nimonic 100 has not apparently been tested
in the range for which the term an (2) with %/8 = £ would make a signi-
ficant contribution,

In regard to scgments of slope i, the valuces of T' ancrease
progressively wath the increasc in strengta of the alloys; thus they are
1150, 1200, 1250, 1320, and 1370°C respectively for Naimonics 80, 80A, 90,
95 and 100, They may be compared with the rolling temperatures of these
elloys which are known to be in the neighbourhood of 1200°C for Namonics

80 and 80A and to be hagher for thc ha-her members of the series.
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For segments of slope '/16, the T!' of 916°C for Wimonic 80 and 950°C
for Nimonic 80A and 90 may be compared wath the temperature of about 95C°¢C
above which the main hardening constituents are known to go into solution,

More extensive data for Nimonic 90 presented in Part IT indacates the
presence of a segment of slope % with a T' in the neighbournood of the soften-
ing point, Some ecvidence of this segment appears in Fagure 9.

These results are suggestive only, but they call for further study since
the values of T' found, as required by the reasoning that led to T', are
close to those at which significant events certainly occurred during the "hist-
orical period" prior to 'testing,

8.0 Disgcussion

Before the results of the last two powrogicphs arc provwsionally nssessed,
somc comments on the theoretical standing of Iquation (2) are appropriate,
Apart perhaps from the particular form of functions used, the mathematical form
of (2) 1s like that of a solution of a linear partial differentaal equation.
For the unknovn quantity (strain) is reprcsented as the sum of a number of terms,
each comprising the product of another guantity (stress) alone wath a third
quantity (tame) alone, Rquation (2) may therefore be regarded as in the nature
of a solution, for a particular kind of loading, of some more general equation
that sets out the relationship betweon tne incremental changes concerncd in any
kind of loading, This more general equalion, were 1t known, could well express
the atomic basis of behaviour, One of the requirements for this porat of view
18 that specific relationships must exist between constants in the daffcrent
terms of (2). It appears from the above discussion that the ratics of x to
f indeed followa s Ble numcrical sequence, and to this may be gjoined the evai-
dence previously found“, in certain instances, for a simple sequence of the «,
namely 3 n = -1, O, i,

The weight to be put upon these results depends largely upon an asscss-
ment of the balance between systematic and random factors, an asscssment that
has to be made under the incubus of a lack of specific evidence from repeat
tests of the magnitude of the random factors. Iaternal inconsistencies of
creep data together with odd results from a few icpeat tesis clearly show, in
view of the presence of four variablcs and the wide range of cach that is rele-
vant, that existing data for almost any single matcrial forms too statistically
small a sample upon whach to basc detazled conclusions of the laws of creep,
Laws that appear when the sample 1s thought to be increased to a signmificant
srze by an aggregation of results for difforcent materialsz are clearly not
amenable to checking by reference back mercly to the inadequate results for
the materials andividually. Thus, at present, while statistical methods would
answer, 1f required, the question whether the scattcr of points about lincs
drawn according to the present systematic scheme 1s greater than or less than
that about lines drawn according to some othor systematic scheme, they appear
unable in the absence of further experiment to answer the absolute question of
whether there 1s or is not a common set of slopes for the variocus materials,
Obviously the scatter about curves freely drawn wilh free choicce of shape
through each individual set of points, wathout regard to cther sets, for each
materiel and tempcrature of itesting, wall be less than about sets of lines
drawn according to any forr of prc-assisncd relationship. Scatter would be
completely absent at the limit, whach i1s very ncar to teciinacal practice at
the moment, wherc no law at all iz pre-assigned and full atatisiical weaizht
is given to every non-repeated cxperimental point. But thas i1s the limat
when all factors are regerded as systematic, and also that of prodigaliaty of
scientific hypothesis in which the number of "freely~adjustable constants",
being equal to the number of experimental points, 15 a maximum,
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The preseant suggestions make srmaller demands upon hypothesas,
9.0 Conclusions
It appears from the discussion that
(2) behaviour is governcd by « formula like (2), to be regarded

as a particular solutioa of an undmown more general cquation
that represents incronentinl lichhwiour;

() i complex Group Vill alloys, the ratics ./« , Jn/%zi R
rave The simple sequancs ol values 2“, N=..... 1,2,5, 55,

{c) in cach term, time and iemporaturc cnter in & COMDLNI Llcn
like that in Boualion (j};

(a) in (3), A rwey for vac priscnt be taken as andependent of

meterial, Also the T' appesr to te specifically related
e tomperaturcs in the manufacturing hiastory of the matcrial,

These are offered as a sample zet of working hypothesis, in “cneral
accordance with the facts, for asce until bettsr are found,

Avanrlable crcep-rupturce and hot fatague datz for ine aLove and other
raterzals, 43 1a a2ll, which have been anelysed in accordance mita ihese
principles and gencrally suppert thon, are prosceated w1 It IT, The
priveiples have also been foand consistent watn the Turiwed availleble
detn for about 100 furthor matorials, v 1s propoccd in a latbt.r Report
to miesent, for thosc fov materials for which the availeble data 1s suliic-
1ently exleasive to support analysis, a .ore devarled analysis of cownlcie
familacs of ersowm curves,
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TABLE III

Sources of data and magor ccenstituents

of materials of

Fagures 3 1o 7

Material Magjor conztituents Source of data
5. 590 20N1. 20Cr 20Co Bal Fe  Trans. 4.8.M. 42, p.720 (1950)
S.816 _ 20Ni 20Cr Bal Co Trans, A.S.M, 42, p.720 (1950}

Timken 35-15
Inconel X
Rex 3374
Namonic 90

G. 32

36Ni 16Cr Bal Ie
15Cr 7Fe Bal Ni
18Ni 14Cr 7Co Bal Fe
20Cr 2000 Bal Na

20Cr 1(N2. 13Fc Bal Co

Tamken Digest, p.184 (1946)
Inconel X, Int, Nickel Co (1949)
N.P.L. HT.14/52

N.P.L. H.T.35/53

N.P.L. HT.37/53

TABLE IV

Sources of data for materials

of Fagures & and 9

Material

Source of data

Nimonic 80
Nimonic 80A
Namonic 90

Nimonic 95

N¥aimonic 100

The Nimonic Alloys

The Nimonac Alloys

Henry Viggin

Henry Viggin

The Nimonic Alloys Henry Tiggin
Supplement to the Nimoniec Series of Alloys
their application to gas turbine design Henry vaggin

Wiggain Nackel Alloys No, 35 Publication 829 Henry Viggin
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