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The iffect of Heat Treatment on Shrinkage Stress
in Built-up Gun Berrels.

by'
H.F, Hall

Sunmery

—————

The experiuwents described were the result of collaboration between the
Armament Design and the .rmament Rescorch Listeblisluents, The work was
divided into three jarts whioh rclated to altcrnotive methods of determining
the cffuets of heat treatient on siwinkage stresses in built-~up gun barrcls.

Part I, contributed by ...D.u. D.10 Group, described full srale experi-
ments using hydraulic pressure to determine elasticity ead ocrmanent set 1n
a 3-inrh berrel,

Part II, contributed by ...R.i./S.LR., described a method of measurement
of circumfercntial stress by the dissection from the berrel wall of thin
coaxial rings.

Part IIT, contributed by .a.R.../S.200, deseribed an X-ray tochnigue for
the measurcucnt of tangcatial and raéi.l strcsses at any selected points oa
the tronsverse scction of a barrel.

There wes a considercble weasurce of agrecment between the rosults obtained

by the three methods. Heat trectiment at 400°C produced no areciable
deleterious effect. Tiith treatment at 500°C decreases in bore stress up to
40 per ccnt were ucasurcd. In the full scele tests at 5009C there was no
mcosurable loss of clasticlty but perannent sct mecswements confirmacd thet
atrecss relrxetion h~d occurred,

The obscrved changes in the stres. system appcarcd to be relnted to
creep and the ucans were thus provided for catimating the type of bchaviour
to be cxnected with heat troertment conditions outside the limits of time rnd
temper-ture investignted.
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Part I

SETR-Y

- G9/30/A/

Avnewent Design Listablishment - .10 Group

- o ——

an Investigation into the .iffect of Heat Lreatument
2on Shrinkage

1. Introduction

During the development of the technique for chromium plating gun bores
it has been shown by the ...R.E. that the behaviour of the dcposit on firing
is improved if the barrcl is heated after plating to a tcuxcraturc in the
range 4LO0° - 500°C.

In _..R... Metvallurgy Resort No. 12/51, by Dr. R. H. Greaves, iic possible
cffeets of suoh heat treatment on the wmechanical sropertics of the Steel ore
considered. The main conclusions of the report are that, while the effects
of the hecating on gun steel arc rclatively insiznificant, an autofreitaged
barrcl or built-up gun subjcctcd to this treatwent is likely to bc considcrably
weakened, owing to the reduction of {the favourable internal stress. Tho
report states that "in both cases" (i.e. autofrettaged and built-up) at least
800 of the bore compression is likely to be lost if the gun were heated
uniformly ~t 500°C for 1 hour".

The effect of this stuitement on current wethods of gun design and
construction is clenrly for-re.ching. Thus in guns now under development,
such as the 3"/70 cals., wherc the bore is chromium plnted and the barrel is
constructed by shrinking . grooved wotcr-cooled lincr into o jocket, o loss of
shrinkage of this order during heeat treatment or due to prolonged firing
would be very serious, The present revort des~ribes a »racti-zel investi-
gation direnicd to testing the truth of Dr. Groaves's suggtstion as affenting
built-up guns. . jparallel investigation, involving measurement of internal
stress in rings pertcd - off from shrunk-up test cylincers, is in Drogress
in the L.R.4,

2. lethod

‘lests were curried out onn & cylinder which was originally counstructed
for another purjoses The oylinder, to design D.10(G)4602/163, wos built
up by slwinking a jackct over a grooved liner and represencs a portion of
the 3"/70 cals. gun berrel.

Fig. 1 shows the construction of il cylinder and the arrangeacnt for
aplying hydraulic )ressure; the positions on the oxicrior, at the interfacc
end ot the bottomn of the cooling grooves et which cxpansions werc .acasurcd
arc also shown.

The cylinder was heated successively to 400°, 450° and 500°C, diameter of
bore and at the vcrious exterior ocsitions being weasurzd by C.I.... before
the first heating and before and after each subseguent heating and pressure
application.

The heat trcatment was specificd and supcrvised by C.S....R.(Se.iRe)
and was carricd out in clertric furnaccs at R.0.I' Voolwich. The ~ylinder
was put into the cold furnanc and the temperaturc raised at a rate of
approximately 75° per hour to the spccified moximum. The tewmpcrature was
then held at the maximum and thc cylinder soakcd for 1 hour. Power was
then shut off and thc cylinicr eoolcd in the furnace to 300°C beforc being
removed,

1,
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\ ifter final cooling -and measurement, ithe oylinder was set up in the

b autofrettage plant at Voolwich and subjected to hydraulic pressure in the

bore. ixterior expansion was plotted cgainst pressure, as in the normal :
autofrettoge procedurc. Lxpansion and presswe werc weasured with the

workshop cvtofrettage equipment. The meximum hydraulic pressure chosen,

viz 31.5 tons/sq. in. was one which the cylincer had previously just withe ‘
stood without showing sermenent set, so that any loss of strength ocaused

by the heat treatment would be dutccted by & degarture from siraightness

in the Dressure-expansion line,

(a) Time table

Stage Dctails Date
1 Heating to 400°C 18, 7.51
1st application of hydraulic pressure 10. 8,51
2 Hoating to 450°C 27. 8.51
2nd applicaticn of hydraulic pressure 3¢ 9451
3 Heating to 500°% 22,10.51
3rd application of hydraulic pressure 30.,10.51
{b) Teble 1 gives the measurements of bore and exterior at the various .
stages. .

4 8light teudency for the borc and exterior to contract as the
triel progressed is detectable, Extcrior mcasurcments at the
interface and bottom of grooves show some wmovement in addition,
0,006" mecan coniraction being registercd at the interface at onc
stage. It is not known whether thesc contractions werc accompanicd
by any change in length of the cylinder. The final bore movement
is of the order of 0,001", which for practical purvoses is
insignificant. The changes in the exterior diameters are generally
of the same order, viz less than 0,002",

(¢) Pige 2 shows the Pressure-ixterior Expansion curves for the 3rd
pressure application, i.ec. aftor heating to 500°C, It will be seen
that up to 31.5 tons/sq. in. there is no deviation from the clasti~
line,

b, Strength calculations

The design shrinkoge used for the cylinder was 0,006 inch., The theorc-
tical bore compression was of t'v order of 12 tons/sgein.

The antuel yield of steel for the lincr was approximately 59 tons/sq.in.
4 strength calculation by the Christophcerson method as adapted by Manton, -
(see 4.D.E. Technical Note T1/49/9), shows that under an internal gressure '
of 31.5 tons/sqg.in. a Mises-Hencky stress of 67 tons/sq.in. is produred
locally in the bore under the "spokes".

Since the cylinder continued to behave clastically under this pressure
end the accuracy of the calculation mcthod is well established, thc inference
is that slight local yiclding ococurrcd so as to rclicve this strcss. The
’} overstrcssing and prosumod local yiclding appear to have no bearing on the

Point at issue, viz loss of shrinkage force.

] :
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5. Conclusions

(a) No loss of shrinkage force due io e heating has been shown after
three heatings.

{b) The contractions of bore and exterior Jroduced are of no practical
significance.

(o) Judging by the resulis ohtained with this test-oylinder the strength
of a gun barrel of similar bullt-up grooved-liner construotion will
be unaffested by heating uniforuly at temperatures wp w0 500% for
1 hour.

Note: This degree of heating could be brought about during heat treatment

as part of tho manufacturing process, There is only a remote
possibility of its ooourring in operational use, and then only if
the water-cooling system broke down.
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Part I1

Reforences: ...R.i, MR, 4752/15
P & P No, 15828

Ihe iffect of Heat Treatwent on Stresses in Shrunk-on Gun Barrels as

determined by the Disssction of Thin Co-axial Rings
1. Introduction

It has been found thit where chromium plating is used to provide the
bore surfuace of gun barrels an anncaling treatmont will luprove the useful
life of the coating, If such treutwent is to be applied to-a shrunk-on
barrcl after building, consideration must be given to the modifying offoots
it may have on the building stresses, effects which in general will become
more serious with increase of tempcrature. ’

For the purpose of determining in some detail how the residusl stress
systen is affcoted by teupcrature within the range found to be boneficial
to the life of the coating, it woas dcoided to make experiments on three
short built-up cylindcrs roprcscntin¥ Ordnance Q.F. 3-inch 70 cal., modo
in stcel to sperification E.5¢, No. 1 analysis.

The proposed experimental method cousisted of dissecting o scries of
narrow concentric.rings from the end face of the cylinder and measuring the
consequent changes in diameter, The strains thus wecsured would dectermine
the pre-existing circumfercatial strcsses at the particular locutions in
the burrel froa which the rings werce taken and this process could be applied
repcatedly to rclatively short lengtho of cylinder. Severdl sctu of
measurcucnts could thercefore be wmado, before and after annealing treatments,
on a saall swample and the effect of the treatment could be directly observed
if siwmilor stress conditions existed initially at all cross sections of the
sample,

It will bc shown thot the degree of uniformity of stress was not
ontirely satisfuctory for this purpose and recoursc was had to a system of
averaging. The resulis so obtained conforued fairly closcly to thouc required
by theorctical considerations and they were regzarded as a satisfastory basis
for the conclusions vwhich had beun drown rclating to the effocts of hoct
treatmonts ot 400°C, 450°C and 500%,

2. Doscription of thc Test Cylinders

Dimcnsions ond other details of the tost cylinders (Table I) have been
tokon from CudeseDe Drawing D.10(G)7428.  The cylinders were supplicd by
CoiieuieDs and were designoted Nos 1 (grooved jacket), No. 2 (plain tubes)
and No. 3 (grooved linor). iach cylinder wrs 8 inchos oxterior diaucter,
3,074 inches bore diameter and 18 inches in length. The grooves in
oylinders Nos. 1 and 3 formed longitudinal water cooling channels at the
interface between jacket and liner (Figs. 3 and 5).

It was reoorded that before asscmbly the jaukets of cylinders Nos.2 and 3
vore 20 inches in length, whercas the Jacket of cylinder No. 1 and each of the
throe linors wcre 18 inches in lengith before building. It should be noted
that if the jaocket protrudes beyond the cnd of tho lincr during the shrinking-
on oporation thc liner comprossion is incrcased losally thercby. This is
uniaportant if conditions overyvhero romain clastic, but if the inorcasc is

5.




sufficient to ocause plastic strain the result is a reduwotion of the intended
shrinkage pressure when the Jacket is trimmed flush wiih the end fuce of the
liner,

The temperatures egployed for the slhrinkage ovcrations werc 295%C ( 563°F)
for No. 1 cylinder, 290°C (554°F) for No. 2 cylinder and 265°C (509°F) for
No. 3 cylinder.

The test cylinders were gauged by C.I.N,0, before and af ter building.
Bore weasureuents (Teble 2) were taken at 0.5 inch from each end and at
2 inch intervals along the length; exterior weasurements were taken at
3 inch intervals, No re-sord was avallable of e liner exfcrior or the
Jacket interior measurements before building, the difference between which
represented the shrinkage at the interface, This was specified (Teble 1)
as 0,005 inchs & caloulation was made of this differenoec based on the
borc and extcrior wmeaswcments (Table 2) of the built-up cylinders. It was
assuncd that therc was no change in the cross seotional arca of thc tubes
and. that therefore after cxpansion or controction of o tubc the rotio of
the chunges of cxtcrior and interior diamcicrs was inverscly proportional
to the diameters themselves, they being large in comparison with the changes.
The shrinkages at the interface thus oaloulated were:- 0,00480 inch
(Cylgr)lder No. 1), 0.00613 inch (Cylinder Ho. 2) and 0.00574 inch (Cylinder
No. .

3., llethod of Stress Measurcuent

The chosen tcchnique wes onc >reviously used (1) (2) for the determination
of autofrcttage stresses in 3.7 inch and 17-pr. gun barrels. In esscnce it
wos eraops the oldost met.0d and its distinctive featuwre was complete releasc
of stress in one machining operction. This was in contrast with the better
known ond more - generclly cpplicable kesniger-Sachs boring=-out metliod in which
Jrogressive release and rcdistribution of stress occurred.

The wethod now to be described ~’ ght conveniently be termed the “ring
dissection method"., .1 section about 2 incles in length was first parted
off from the end of a cylinder and the end of this disr was ground and
polished to reccive gauge marks., These conuisted of small ball iapressions
and were located, symactrically about wix axis, at intervals slong two dia-
mcters at right angles to onc another. The spacing was sclecicd according
to the numbir of ocircunfcerential stress wmcasurcuents reguircd through the
wall of the cylindere .. sct of gauge marks with approximatcly similar
spacing was madc on a polished stainless stecl bor and this was used as the
basic standard for cll ncasurcments.

Two measuring microscopes with micrometer eyepieces reading to 0,00t e
were set up on a rigid slide as a comperator, Fig. 6 and by their weans the
small fortuitous differences betwecn gauge distences on the test disc and
those on the standard bar were rccordeds .. set of thin rings (Figse 3, &
and 5), 0.2 inch axial thickncss, vas then Lartcd off by trepanning from the
facc of the diss, ocach ring corrying two pairs of the original geuge marks
on two diamcters at right anglcs. The gauge distances on the rings wero
thon mecasurcd against the saac stondord os bofore aond tle change vias noted.
Mcasurcment detcils arc given in Tables 7 - 12,

Rings from the liner showed expansion from a state of compression and
those from the jacket shoved contraction froa a state of tension. The wean
of the two diametral measurements at right angles was tsken to reprcsent
true cirounfecrential strain from which the equivalent ciroumfcrential
stross vas caloulatod. 4 completo soct of rings all from the samc transvorse
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scotion consisted of throe from the linor and seven from the jaokot of
Cylinders Nos., 1 and 3 with water oooling channels., One additional ring
vas obtained from the jacket of Cylinder No. 2 with a solid wall. .djacent
rings from liner and Jacket still looled together by residual stress are
shown in Pig. L.

fier removel of e sct of rin: s, which consuicd about 0.3 inch axial
length of the disc, the end face was again preparec either for a duplicate
test or for heat treatment prep.ratory to further similar tests to show
the effect of such treatment.

k. Heat Treatwent of Samples

The identity of each st specimen was donoted by its distance from
the originel breech face of the cylinder. Heat treatment at 500°C and
at 400°%C was given %o the discs as indioated in the table below. Residues
of the discs treated et 400°C, after two sets of test rings had been
removed, werc then heet treated at 450°C.

Cylinder No. 1 2 i 3

Teancrature 8f

Troctment, 0 Distance from Brecch Faoce, inches

500 2.5-4.¢5 2.5-.5 S50
l'.OO 602-709 6015"708 6.05-7-7
LSO 608."709 .-J 6-7"7.8 6-7—7-7

S Wild-Berficld muffle furnace with forced air circulation was uscd.
Threc specinens, one from each cylinder, were ireatcd together but to
ensure uniform heating and cooling conditions for each disc they ere held
apart by distance pieces., The teuperature was raised at a rate of 75/80°C
per hour from room temperature to the desired maximum temperature, at which

it was held for 60/75 minutes. The cooling rete was the same as the heating

rate down to about 300°C beyond which it was slower.

lMaterial for the X-ray weasurements described in Part III of this Report

was alsc taken from ihese three cylinders. = The discs so used were located
at 4.9 = 5.4 inches from the breech end of Cylincers Nos, 1 and 2 and at
2,05 - 2.55 inoches from the breech end of Cylinder No. 3. These samples
have been designated A5, BS5 and C2.5 respectively and were heat treated in
the saae furnace but separately.

5¢ Results of ileasurement of Test Rings

Particulars of the weasurcuent of the test rings are given in sowe

~Getail, Tables 7 - 12, as gencral information on the stress distribution

in built-up barrels which way be of some inierest outside the main surpose
of this investigation. The average results of these reasurements are
collected in Tables 3-5 from which the graphs, Figs. 7-9 have been plotted.
Table 6 shows the proportional stress changes due o heat treatment.

51 Possible Sources of irror in the System of Moasurcmont

The two weasurements distinguished es 'vertical' and 'horizontal'
ochange of diameter, Tables 7-12, were made in the same orientation in the
oylinder throughout the series of tests. Jhere throughout a set of rings
the difference between vertioal and horizon:al readings tended to be in the

7.
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\ 1 same direction it suggested slight ovality of either the liner or the jacket

‘ at the interface or the presence of an eqguivalent internal stress before
assembly of the two tubes, In the former case a difference of 25 x 10",

in the rcadings would represent + 0.0005 inoh devviation from thée wue circle.

Bquality of vertical and horizontal readings was an indication that no
serious acocidental deformation had ocourred during wachining operations.
The greatest divergence between the vertiocal and horizontal mcasurements
ocowrred at the jacket exteriar, ring diameter 7.86 inches. In Cylindgr
No. 1 at 5.87 inches from the breech, Table 7, an oxpansion of 99 x 10 2ima,
in the vertical direction was accompanicd by a contraction of 216 x 10~3mn,
in the horizontal direction but the mean result was rationsl. The extreme
case occurred in Cylinder No. 3 at 8,02 inches from the breech end, Table 11,
. where a vertical expansion of 148 x 10~3mm, (0.0058 inch) was associated
] with a horizontal contraction of 305 x 10™ma, (0.0120 inch). ufter
duplication and careful checking of these measuremcnts only two possible
causes for the discrepancies reinained, either the existence of local internal
stress in the Jacket beforc asseubly or accidental deformation of the ring
caused by the .achining operation. There is reason %o suppose it way have
been the latter oause owing to the persistent ocourrence of the anomaly in
the outermost member of the sct of rings at 7.86 inches diameter. Howover,
in the extreme case the effect on the average result was too simall to
invalidate it, and tle occurrence was very rare.

5.2 General Stress Conaitions before Heat Treatment

The lack of close agrecinent in what it was hoped would be duplicate
confirmatory tcsts made it nccessary to incrcasc the number of tesits to
obtain a satisfactory average result. In each cylinder there was a
tendency for the bore stress to decrease with increase of distance from
, the breech end but this did not persist for more than about one inch and
1 greater variations were found elsevhere.

i Extreme cases of disagreement betwoen adjacent ucasurements occurred
in Cylinder No. 1, where there was a differenoe of 6.4 tons per sg. inch
betwecen the bore stresses measurcd at 8.2 and 8.5 inches from the brecch
(Table 3), and in Cylinder No. 3, where a similar difference exisied between
liner exteriar mcasurements at 8.0 and 8.3 inches from the brecuh (Table 5).
The initial stress condition was therefore computed from measurements made
at six locations in each cylinder.

If certain abnormsl velues are disregarded the range of variation

of liner bore stresses may be taken as 10,0 to 14.5 tons per sq. inch in
Cylinder No. 1 (Table 3), 14.0 to 17.0 tons per sq. inch in Cylinder No. 2
(Table 4) and 9.0 to 13.0 tons per sq. inch in Cylinder No. 3 (Table 5).
The corresponding ranges of variation in the jJacket waximunm stresses were
6.4 to 8.3 tons por sg. inch, 5.5 to 8,7 toms per sq. inch and 5.8 to
8.3 tons per sq. inch respeetively in Cylinders Nos., 1, 2 and 3.
Cylinder No. 2 with plain tubes thus posscsscd the highest liner stress

: and Cylinder No. 1 with grooved jackct posscsscd slightly higher liner
) stress than Cylinder No. 3 with grooved liner.

Although the Jacket stresses vere similer in range of values the
distribution of stress through the wall was not the same in all cylinders.
, In Cylinder No. 1 the maximum stress ocourred at the jacket interior
: (iee. at the bottom of the grooves), but in Cylinders Nos., 2 and 3 the
. maximum was located nearer mid-wall at many cross seotions and this
; rersisted after heat treatment in the case of Cylinder No. 3.

-———
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The exneptionally low stresa of 1 ton per sa., inch at the jacket interiar
(4+43 inches diameterg, whioh ocourred both at the breech end and at 0.7 inoch
from the breech ends:’ Cylinder No. 2, oan possibly be explained as a nonse-
quence of plastic strain during building. This could have ocrurred, as
mentioned earlier, when shrinking on a Jacket which proiruded beyond the end
of the liner. In support of this it way bc noted that these innerwost
Jacket rings, when parted from thc disc, fell apart frecly from the adjeocent
liner rings (l...1 5 inches diameter) indicating a very low interface pressure,
whereas at all other sentions the adjacent Jacket and lincr rings rcmained
locked together aftcr machining and, for final measurement, had %o be foroed
apart in a press,

5.3 Stress Distribution after Heat Treatment

Lfter each heat treatment two tests were made and there was fairly
close agreement between the two ueasurements of bore stress at cach
teuperature, but large differences at aid-wall in the liner occwrred in
each cylinder after the 4L0O0°C treatnent. In each case the firsi test
gave the lower stress (Tables 3, 4 and 5) and this was lower by 9.0 tons
per sg. inch in the case of Cylinder No. 1. A feature to be noted was
that the averagc of the two widely different results after the 100°%
treatment was, in each cylinder, very similar to the averaze of the two
rlosely agreeing results after the 4509 treatment. This irregularity
which appeared in all three cylinCers after the 4LO0C treatment seemed to
be explainable only as a speccial effect of this heat trecatment, such for
instanece as an '‘end' effect, but it has not been possible yet to investigate
this further. .after treatient at 500°C there was very rlose agreement
between two duplicate tests, The lincr stresses showed a smaller gradicnt
through the wall in addition to a reduccd minimun value and the jacket
stresses sustaincd a rclatively uniform reduction of stress throushout the
wall thickness in consequence of this ireatment.

5.4 svaluation of the Total Stress at a Transverse Section

The mean stress through the wall of the liner and the jacket has beon
calculated for each test loocetion, Only half weight was given to the
extrene values at the interior and exterior of the wall in relation to the
mid-wall values, In general the wean stress values very in a wmanncer
similar to the maximum stresscs. If these ueasured mean stress values,
which are derived from total circumfcrential strain, were proportional
to the hoop stresscs thc liner to jacket rctio would remain constant because
the mean hoop stresses in the liner and jacket must be inversely proportional
to the respective wall thicknesses,

In Cylinder No, 2 (Table 4, the liner/jacket thickness ratio or mean
hoop stress ratio was 3,064 and the measured mean stress ratio varied between
2,7 and 3.3 in all tests before heat treatment, The effect of heat

treatment at 500°C was to reduce this ratio to 2,3, In Cylinders Nos, 1 and 3

(Tables 3 and 5) greater variation was found in the measured mean stress r?tio
and heat treatment appeared to raise it to the upper limit of these variations
which was fairly near to the liner/jacket wall thickness ratio of 2,6,

5.5 The Effect of Heat Treatment at 4C(’c, 450°C and 500°

The average results from six tests before heat treatment and two tests
after each heat treatment have becn used to indicate the changes in stress

which heat treatment induced, These changes were almost invariably stress
rclaxations but in a few cases an incieasc of stress was notcd, Results

!!A.
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(Table 6) have been given for each annular element tested through the wall
thickness and from these local changes mean stress values for the whole
thickners of liner and Jjazket havs been computed.

The highest liner compressive stress and the lowest mean Jacket tensile
streas occurred in Cylinder No, 2 which was bullt with plain tubes, The
effcet of the heat trcatment on the lincr compressive stress was grcatest
where the initial stress was greatest; thus, while the bore stress of 15,2
tong per sq. inch in Cylinder No. 7 was reduced by 13, 20 and 39 per cent
after heat treatments at 400°C, 450°C and 500°C respectively, at the liner
exterior an initial strcss of 10,6 tons per sq. inch was rcduced by only
L, 9 and 27 per cent after the same heat treatments.

It would appear therefore that when compressive stress is about 10 tons
per sq. inch treatments at 4L00%C or 450°C have little effect but at 500°C
there is an appreciable decrease of stress, This view was supported by the
results for the liners of Cylinders Nos, 1 and 3 in which the mean ctresses
vere 10.4 and 9.1 tons per sa, inch respectively, After 500°C treatment
the decreases of stress were 13 and 14 per cent respectively but after
treatment at the lower temperatures they were negligible, It may also be
noted that in Cylindcr No, %1 the initial stress was comparatively uniform
through the lincr wall and that the decreasc in stress after the 500°C
treatment was likewise uniform, whereas in Cylinder No, 3 where a stress
gradien- from 11,0 to 7.7 tons per sq. inch occurred, the decrease in stress
after trcatment at 500°C varied from 22 per cent to 2 per cent.

It was probable thdt the release of tensile stress in the jackct, owing
to the comparatively low value of this stress, was purely clastic and
mainly an indirect consequence of the liner contraction vhich was caused by

)

plastic flow. The percentage decrcasc in stress after treatment 4 20075 1s

comparatively uniform through the wall of each jacket. The mean stress in
Cylinders Nos, 1 and 3 decreased from their injtial values of 4.9 and 5.C touns
per sq. inch by 35 and 38 per cent respectively. After treatment at 450°C
the corresponding de reases were 22 and 16 per cent and after 4LOO°C treatment
they were 14 per cent and nil, In the jacket of Cylinder No, 2 the effect
on mcan stress was similar for cach tempcrature and it seemed probable that
LOOSC was sufficicnt to permit a redistribution of stress involving local
changes which werc large in rclation to the mean Gecrcase. The rclease of
stress after treatments at LOCOC and 4L50° was greatest at mid-wall but after
50C°C treatment the decrease was more uniform.

6. Experimental Results in Relationship to Theorv

A comparison between the experimental and theoretical results has been
made for the case of Cylinder No. 2, this Gesign with plain tubes being the
most amenable to theoretical treatment, The stress system corresponding
with wholly elastic strain set up by the shrinking process has been used
for comparison with the stress conditions experimentally determined both
before and after heat treatment,

6.1 Theoretice]l Stress Conditiong

The most important stresses in a shrunk-on barrel are circumferential
compression in the liner and circumferential tension in the jacket, each
attaining maximum values at the inner wall and minimum values at the outer

1iC.
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wall if the liner and Jacket were frec from internal stress before building.
In addition, there exists a radial compressive stress in both liner and Jacket
whioch attains a maximum value at the interface between them and falls to

zero both at the bore of the liner and at the exterior of the jacket,

These stresses may be caloculated for a oylinder built of plain tybes,
acoording to theory due to Lame, from the following formulae in which

o]
£
1]

radius at interface of lincr and jacket
Ry = radius at interior of liner
R3 = radius at cxterior of jacket

d = shrinkage at intcrface (i.e. original difference betwecn
Glameters of liner ani jacket at interface)

P; - pressure at interface
E = Young's modulus
1/m = Poisson's ratio -
2 . g2 2 .52, R
P R + R R + R a
(3l ,arta) 2 (1)
2 2 2 2
BB KR R
Hoop stress at radius x :-
B2 ( 22 )
in liner = - Py 1 (' +R ) (2)
2 2 2
in jacket = P R? R 4 4
= 1 1 T3t - (3)
2 2 2
R3 - R.' x

These hoop stresses are not directly measured by the present
experimental method which Getermines the total hoop strain, The appropriate
formulae for use in direct comparison with the experimental results are
given below: -

Stress equivalent to total hoop strain at radius x :-

in liner = P R2 L% (1-n)-R3(14m) 7 @)
w62 - )

in jacket = FES LRt x2(aet) 7 | (5)
=205 -
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The stresses in a barrel having the &imensions of Cylinder No, 2 with
plain tubes have been computed from those formulae (1) to (5), The results
for eight locations in the cylinder wall are shown in the graph, Fig, 10, which
extends over a range of valves of shrinkage at interface, 4, from 0,002 inch
to 0,008 inch. This corresponds with a range of interface preasure from
1.23 to 4,93 tons per sg, inch, Values of 13,000 tons per sq, inch and 1/3,5
wee assumed for Young's modulus, E, and Poisson's ratio, 1/m, respectively.

Four of the locotions for which results are shown (Fig. 10) correspond
with test positions, two in the liner and twu in the jacket, The relcvant
shrinkage at interfacc for comperison with the tests before heat treatment
is 0.00613 inch, as calculated from the gauge measurements of Cylinder No. 2,
The corresponding interface pressure is 3,78 tons per sq, inch, The
theoretical stresses for this shrinkage and pressure at interface are indicated
in the table below, which also includes in col, 4 the average experimental
results obtained before heat treatment,

(1) (2) (3) (%)
. c - X Stress Lquivalent
Location in '7all of Cylinder Iég:;) iet:e:: in %o Hoop Strain
. . . .
Diamseter, inches Theoretical tons per sq. inch
Theroretical [Experimental
Compression
-
3.07% (liner interior) 15.56 15,56 -
3,21 c.fs tests, table 4 14.92 14.73 15.2
415 i " " 12,06 11.06 10.6
4,28, (liner exterior) 11,78 10,20 -
Tension
.28k (Jacket, interior) 6.82 7.90 -
l’..l‘.} cof. tests, table L’- 6.‘-{-8 70#6 6.6
7.86 " " 3,10 3.1 2,9
8.0 Jacket, exterior) ‘ " 3,04 3.0k ~
Compression/Tension
Lincr/jacket, mecan stress ratio 2.8 2.4 2.7

It will bec noted thnt at the liner interior and the jacket exterior the
hoop stress is equal to the stress equivalent to the hoop strain, i.e. the
stress measured in these experimonts, and that clsewhere in both lincr and
Jacket the difference incrcases continuously as the interface is approached.
The hoop stress is the greater of the two stresses in the liner and the
lesser of the two in the Jacket.

6.2 Comparison of Test Rosults with Theorctical Values

The averace stresses measwred before heat treatment, given in ocolumn
(&) of the preccding table, are rcasonably close to the theorctisal values
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shovn in column (3). The differences however combine to produce o measured
stress gradient which is grecter in the liner and less in the jacket than
i3 the theoretical gradient. Tests at 0.16 and 8.47 inches from the breech
end ere the individual results nearest to ihe celoulatwd velucs,

After treatment at 4L00°C there was some release of maximun stress in
the liner but practically no nrhanges in stress at the exterior of liner
(Fig. 8). The result was thereforc an aporoach to the theoretical stress
gradient. Only a sumall change ocourred in jacket stress and this was
uniformly distributed throughout its thickness. After treatment at b.50°c
there was a small release of stress throughout the liner wall and approxi-
mation to the theoretical gradient persisted. After treatment at 500°C
the release of stress was much more aerked throughout the liner but very
little wore in the jacket. The atress gradient in the liner head now becoume
less and that in the jacket greater than was demanded by theory but at the
interface the liner and jacket stresses agreed with the theoretical relation-
ship, The experimentally determined stress ratio in liner and Jarket
tended to decrcesc to the theoretical velue with heat treatmont at 500°C,

By means of the graph (Fig. 10) an estimate may be made of the decrease
in the interface pressure and shrinkage caused by the heat treatments.
Pecause the measured stress results do not conform exactly with theory slightly
differing results are obtained depending on which measured stress is selected
as the basis. Four sets of results arc shown in the following table derived
from the stresses mcasurcd at diamcters near the interior and extcrior of
both liner and Jackct. The average of tle two pre~heat treatment liner
shrinkage values, 0,00611 innch, agrees well with the shrinkage of 0,00613*
inch caloriated from the gauge measurements,

Bstimate Pressurc at Af ter
based on stress interfare = IP1 Before heat treatment at
measured at Shrinkage at heat o o o
diame ter interface = 4 | Treatment L00"C 1507C 500°C
3.21 ins. P1 tons/in2 3.93 3.2 3.13 2,40
(liner) 4 imch 0.00632 0.00550 | 0,00505 0.00388
. 2 22
4.5 ins. .?1 tons/in 3.67 3.87 3.32 2.66
(1iner) 4 inch 0.00589 | 0.00566 | 0.00532 0.00427
L3 ins. ? tons/in? 3.38 3,35 3,12 2.9
(Jacket) d inch 0.00543 | 0.00537 | 0.00503 0.00464
7.86 ins. P1 1;ons/fm2 3,51 3.40 3.27 2.92
(Jarket) d inch 0.00564 | 0.00545 |0.00526 | 0.00468

It will be observed that the estimated pressure and shrinkage at the
interface as derived from the measured liner stresses are greater than those
derived from the jacket stresses before heat treatmont., This relationship
however is reversed aftor ‘rocatment at 50C°C, tho lowor temporaturos of
trcatmont having producod close agreemsnt.
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7. Discussion of Results

Many of the results obtained in this investigation oan be exiplained
on the basis that nreep propertics ars the controlling influcnce, Soms
interest tlicrefore attaches to published data on this subjcot which indicates
the effeots on etress release of varylng composition of steel, duration of
heating and other variables outside the range of this investigation,

7.1 liode of Stress Release

In a fully tempered steel no structural change is produced by raising
the temperature to any point below its trensformation temperature and the
room iemperature meochanicel properties are therefore not affected. The
mechanical properties at teuperatures within such a renge are however revor-
sibly affcoted by change of temperaturs.

Those properties which are spesially relevant to this investigation
are the minimum creep stress and the ~reep rate at a given stress. Creep
may be defined as a plastic strain which increases continuously under the
influcnoe of a constant stress., It passes through threc phascs in succession
after the load is applicd during which the rate of plastic strain dccreascs
rapidly, rcmains constant and finally inercescs until fracture occurs.,

Constent stress however is not necessary to the definition of creep but
merely a convenience in measuring it. In these experiments tlerefore e
process which accompanies the rcleasc of residual stress during heat -
weatment is considered to be. analogous to crecp and to be governed by the
scme principles.,

7.2 Some Croep Properties of Cirbon ond Low-.lloy Steels

The investigation of creep properties has been devoted meinly to materlals
destined for continuous service at high tempcratures. «n exeaumination of
a norialized 0.17 per cent carton steel for boilers was carried out by
Tepsell.(3) The test temperature was 455°C and the results of tests wy 4o
150 hours duration, reproduced in the adjoining table, indicate a rapid and
continuous decrease in the rate of strain over this period at each of the
stress levels investigated.

Stress, tons per sq. inch 5 I 6 I 7 ‘ 8

Time Interval : Total Strain, per cent

af ter loading ’ (at 455°C)
Immediate .0050 0075 0094 0181
10 hours 0100 0150 | .0212 019
50 hours JOlL, «0225 0312 0637
150 hour‘ " 001 87 l0287 -0400 00837

. A S——— > d— —sd-———a—-—-—-—-jv

Other short time orcep test rcsults for carbon stcels (4) have shown the
effcot of tempcraturc variation ovor the range uscd in the present invesiigation.
The conditions rcquired to produse 1 dor acnt atrain have beon choscn for
burposcs of comparison in th¢ adjoining 3ablc. n this basis it is shown
that an inorcasc in tomperaturc from 400°C to 500°C decreases the equivalent
creep stress by about one half. This deorease bears no rclationship to the
decreasc in yield point which was comparatively small.
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Teuperature of Test 4,00% r 150°C 500%
Yicld Point, tons/in® 12.1 | M 10.3
s e e e e e e e e e e L
Duration of Loading Stress, tons per sd. in-h
L _ (to produce 1 per ocent strain)
1 hour 20.5 16.5 11,2
40 hours 17.0 13.4 8.0
100 hours 15010- 9.8 600

s, gua s . — s G———

The composition of steel has :n important influenve both on initiel
oreep rate and on creep stress, An increase in oarbon or silicon tends
not only to reduce the initial orcep rate but thc total creep is also
reduced. In tests (4) carried out at a temperature of 540°C with a stress
of about 2.25 tons per sq. inch the strain rate was reduced from 0.16 to
0.01 er cent pcor 1000 hours by .n increasc in the corbon content frem (,C12 to
0.160 per cent. Hign wanganese also is beneficial, Jluninium is detri-
mental in carbon steel but has little influence in alloy steels.,

The mos$ importent elements for the improvement of creep properties
in low alloy steels are molybdenum and vanedium, Taking for example (4)
a test tewpe-ature of L454°C and a strein rate of 0.1 Jer cent per 1000
lours the addition of 0,53 »er cent wolybdenum incrcased the creep stress
from 3.39 1o 12.72 tons ser s¢. inch and this was achieved in spite of a
decreasc in carbon content from 0.35 to 0.16 per cent, For a strain rate
reduoed to 0,01 per cent per 1000 hours the corresponding increase in
creep stress was from 1.52 to 8.93 tons per sq. inch.

The effect of carbon in a 0.5 Der cent molybdenun steel, according to
Glen (5), varied with the state of strain. At 550°C with a stress of
9 tons per sg. inch increase in ocarbon up to at least O.4 per cent produced
increase in rrecp resistance for 0.1 per cent strain, but for 0.2 to 0.5
Per cent strain wmaximum creep resistance recuired carbon contents to dec-rease
in the range 0.35 to 0.2 per cent.

The roising of the creep liwit with addition of wolybdenun was shown
in the adjoining table. due to ~Sohl, Scholz and Juretzek (6), to increase
with increase in temperature. The imdorovement in the nickel steel over the
Plain carbton steel was probably due to the higher carbon content of the former.

Composition Creep Limit, tons per 8q. inch, at Temperature
c in [ NL | Mo 350%C 100°C 450°¢ 500°C
010 o9 - - 8-75 5035 306 -
-28 0510- 2.0 - 12.7 9.5 5.9 3!2
015 050 - 0310- 1101 10015 905 7‘1

Crecp limits at 450°C are almost invariably below the limit of
proportionality, according to resulis guoted by Guillot, Galibourg and
Samsoen (7) some of which are reproduced bolow. They show in addition
the advantage of reducing niokel and increasing molytdenum in a hardened
and tempered steel.
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Composition At 450°%C -
c Ni Cr Mo Condi tion Limit of Proportione- |Creep Limit

ality, tons/in. tons/ in

JA15 - - - - 5.75 3.56
022 - - - - lF'Z, 10-03
036 4058 1 ow - Hu‘dﬂmd a\nd 21 .8 5.7

Tempered

o33 127 (0.7 |03 " 17.5 11.8
¢30 | 2,78 (0475 |33 " 2l 16,9
Ni-Cr Steel . Semd =hard 8.7 9.5

Vanadium was shown by Glen (5) to be a useful addition in combina‘ion
with molybdenum tut when used as a single alloy addition it greatly
improved creep resistance, This was shown in the following table of
results, due to Cross and Lowther (8), vhere the rreep rates and total creep
are quoted for a load of L.47 tons per sqg. inch after 500 hours at a
temperature of 454°C.

Composition Réte of Deformation Total
per cent Deformation
C Mn Si v per hour per cent
035 '55 t19 - 0000058 00523
37 <70 .46 .18 0.,00006 0.120

The specified per centage composition of the No. 1 gun steel used for
the test cylinders was: carbon 0.22/0.35, nickel 2.0/3.k, chromium 0.5/1.0,
molybdenum 0.35/0.80, manganese 0.4/0.8, silicon 0.05/0.30, vanadium 0.25.
aAccording to some of the creeo test results quoted (7) this steecl should be
capeble of sustaining heat treatment at 450°C without stress relaxation
provided that the initial stress did not exceed 16,9 tons per sqg. inch. This
velue wag equal to the highest stress weasured in Cylinder No. 2, located
at 5.85 inches from the breech (Table 5), but the bore stress must be put a
little higher at about 18 tons per sq. inch after allowing for the stress
gradient and thercfore some crecp was to be expected.

The present exverimental results however show an appreciable relaxation
at this temperature, an avercge stress of 15.2 tons per sqs inch having been
reduced by 20 per cente The creep recsults quoted by another authority (6
for a molybdenum steel containing rather less carbon appcared to be more
applicable. Here the orccp limit was 9e5 tons per sqs inch at 450% which
together with limite of 10.1 and 7.1 tons per sg. inch guotcd for 4L00°C and
500°C conform closely to the results of the prcsent tests.

7.3 &ffects of Thermal Expension and Creep on Residual Stresses

If the temperature of a built up cylinder is raised uniformly throughout
its mass the resulting uniform expansion produces no change in the elastic
shrinksge stresses exoept those consequent on a slight change of modulus.
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These stresses are depondsnt on tho ratio of dimensions of the two component
tubes in the unstressed condition and this yemains the same at all temper-
atures,

The effect of increasing tewperature is continously to decrease the
minimum oreep stress of the steel; when this has fallen below the maximum
stress then existing in the cylinder oreep occurs locally in that zone of
maximun stress which stress is thereby reduceds The maximum is normally
the bore compressive stress which is therefore reclieved by plastic flow
towards the oylinder axiss The result is a reduction of bore diameter.
The greatcr the excess temperature above that corresponding with the limiting
oreep stress and the longer it is maintained the greater will be the creep
strain; but vhen, as in this case, creep is attended by stress relief it
will cease when the minimum oreep stress for that particular temperature is
attained, and further treatment at that temperature will have no effect.

If the stress gradient is high enough an lmmediate result of the reduction
of bore compressive stress with ocontraction of bore is a compensating increase
in the elastic compressive stress at the exterior of the liner producing an
equalizing effects An example of this occurred in Cylinder No. 3 after
both the 400°C and the 450°C treatwsnts (Table 5), but there was normally
enough creep throughout the wall thickness to preclude any increase of
stress at the exterior of the liner., This was more decidedly the case at
higher tempcrature when very appreciable stress relief by plastic flow oncurred
throughout the liner wall.o It may be observed in the tests of Cylinders
Nos. 1 and 2 after the 500 C treatment (Table 6).

An essential condition for these changes to occur in the liner, whirh
involve a reduction of its diameter, is the maintenance of some tension in
the jacket.s There will hovever have been some release of tension in the
Jacket, owing to contraction of the liner, without the ocourrence of any
creep in the jacket itself, If however Jacket stresses are above the minimum
ocreep stress, there will be additional stress relief by creep strain in the
Jacket accompanied by expansion of its interior surface and an equalization
of stress through the wall similar to that described for the liner, This
will allow additionsl stress relief in the liner by simple elastic expansion.
8 the initial maximum jJacket stresses were less than the minimum liner stresses
in the experiments after treatment at 500°C there was probably very little
releasec of stress by creep in the jackets of the test cylinders,

It may be assumcd that the condition of stress which exists at the
temperature when creep ccases still pcrsists after return to room temperature
for the rcasons given carlier when discussing the cffects of hcating the
eylinder. Becausc crecp rate diminishes rapidly after initial loading, where
stress and temperaturc conditions are maintained constant, it may bc suggested
that in a built~up cylinder, hcated to a given temperature, the strcss
conditions soon become relatively stable and that holding it at that
temper-ture for a prolonged period will have little further effect.

8. Conclusions

The residual oiroumferential stresses in three shrunk-on barrel sections
have been determined before and after heat treatment for one hour at
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temperatures 400°C, 450° and 500°C. The barrel sections were 3,07 inches
diameter smooth bore, 8 inohes exterior diameter and 18 inches in length.

Oylincer No. 1 vas made with a grooved jacket, No., 2 with plain tubes and

Noe 3 with a grooved liner, 1l were wade in Ni<Cr-lo stecl to specifi-

cation %.5C (No. 1) and hardencd and tempered.

Circumferential stresses vere determined at various diameters in the
walls of both liner and jacket by weasuring the change in diameter of narrow
rings parted off from the end face of a seotion of cylinder. The initial
tests showed some variation in the siress level along tle cylinders. Single
deterainations before and after heat treatment were therefore considered to
be insufficient to indicate the effects of heat trecatment, The average
figurcs for groups of six tests before and two tests after the treatments
were used for this purpose, (Table 6)

8.1 Cylinders Nos. 1 and 3 (with waler cooling channels)

(a) The initial stress levels were similar in Cylinders Nos. 1 and 3,
the wmean liner stresses being 10,4 tons per sq. inch and 9.1 tons
per sg. inch (grooved liner) and the mean jacket stresses being
L9 tons pcr sq. inch (grooved Jocket) and 5.0 tons per sq. inch
respectively,

(b) The stress gradient through the liner wall was greater in Cylinder
No. 3 (grooved liner) than it was in Cylinder No. 1. The maximum
stress in the Jacket of Cylinder No. 3 occurred within the wall
at about 0.3 inch froam the interior jacket surface, -

(¢) The decrease in stress with treatment at 400°C was nil in the liners
¢f both Cylinders Nos, 1 and 3 and in the No. 3 (plain) jacket.
There was a stress decrease of 14 per cent in the No, 1 2growed)
Jacketo

(d) Tith trcatment at 450°C the liner stresses in both Cylincers
Nos. 1 and 3 were still not appreciably affected but the jacket
stresscs decrcased by about 20 per eent.

(e) 7ith treatment at 500°C the lincr stresses of Cylinders Nos. 1 and 3
deereased by 13 and 14 per eent and the Jacket stresses by 35 and
38 per cent respectively.

8.2 Cylinder No., 2 (plain tubes)

(a) The initial wean stresses in Cylinder No. 2 were 12,7 tons per
sqg. inch in the liner and 4.5 tons per sq. inch in the Jacket,
These stresses were higher in the liner and lower in the Jacket
than the corresponding stresses in the ifv‘linders with cooling
chennels, The greater effective wall thickness of the jacket
of Cylinder No. 2 accounted for a different ratio between liner

and Jacket stresses.

(b) With heat treatment at 400°C the initial steep stress gradient through
the liner wall, 15.2 to 10.6 tons per sq. inch, was reduced by
decrease of the maximum stress at the bore without aﬁreoiable
change of stress at the lirer exterior and the mean liner stress

was decreased by 13 per cent.

18.
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With heat treatment at u50°c there was further decrease cf
maximun struss at the bore and a slight ducroeasa of struss at tha
extoricr, thy moan valuc being deorcescd by 17 per cont.

Hcat tr.oatmont at 50000 gruatly inercascd tho stross ruluase and
docreas.ud the mean struss by 30 pur cunt.

Thu dugruasc of muan jackut struss in Cylinder No. 2 with truatmant
at 500§C was only 164 but it appuarcd to be no loss with treatment
at 400C. Ducrcasc of struss ot mid-wall was the main offuct at
the lowor tcmperaturgs but the ducruasc wes merc uniforaly
distributud with 500 ¢ trceatment.

Couperiscn of kxperimuntoel and Thearctical Stress Valucs

(2)

(v)

(a)

(¢)

Thoorctical strossus cquivalent to circuaforuntisl strain werc
cclculated for Cylinder No. 2 (plain tubcs). They wura bascd

on the coleulated inturfuce shrinkage of 0.00613 inch and intor-
foce proessurc of 3.78 tons por sq. inch. Tho stress veluls wore
14.73 and 11.06 tons per sg. inch neor intericr and cxtcrior of
lincer raspuctively and 7.46 and 3.11 tons pur sq. inch ncor
intcerior and cxterior of Jackat.

Experimental struss valucs corruspending with the procuding
thcoreticel velucs were 15.2 end 10.6 tons per sq. inch for the
liner and 6.6 and 2.9 tons por sq. inch for thu jacket.

The shrinkage ot interfocu, colculated from the uxperinentally
determined linur strussus, ducracsed from C.00641 inch to 0.0C588,
0.00518 =nd 0.00407 inch respuctivuly with hust troetmont tcapuraturcs
of 400, 450 ond 500°C. This rupresentud decreascs of 8.2, 15.2

and 33.4 pir cent respectively. The inturfoce prossurce decroescd
corruspondingly fran 3.80 tons per sq. inch to 3.47, 3.23 and 2.53
tons per sq. inch respectivaly.

The shrinkage at interface, esleulatud fronr the uxporimentally
duturningd Jacket stresscs, deeruss.d fro.. 0.00553 inch to
0.00541, 0.00514 end 0.00466 inch rcsggctivcly with huet treatacnt
teoperatures of LOOC., 450C and 500 C. This rupryscntcd decreas.s
of 2.2, 7 and 16 per cent respectively. Thu interfacu prussurcs
ducrcased correspondingly froa 3.45 tons per sg. inch to 3.37, 3.19
end 2.91 tns pur sq. inch rospoctively.

Possiblu causes of the diffcrunce in values betwoen the pressure at
inturfice o8 duburedned froiz the lincr ond jacket stross wunsurcnunts
are the oxstence of independent internnl stress systaas within tha
component tubes and insufficient data for couputing mean stress with
the necessary acocuraoy.

19.
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Table 1, Partioulars of Tost Cylindors uscd for Shrinkage Invastigation of

Ordnance Q.F. 3 inch 70 Cal,

Bxtracted from C.Z...D. Drawing D.10(G)7428, Sheets 1, 2 and 3.

Cylinder No, 1 2 3
Type of Design Grooved Plain Grooved
Jacket Tubes Liner
Length of Cylinder,Inches 18.0 18.0 18,0
Diameter: Bore (Liner), inches 3,074 3.074 3,07
Exterior (Jacket) inches 8.0 8.0 8.0
Interface, inches 4,286 4,286 L..786
Number of Grooves (Water cooling channels) 16 - 16
Width of Grooves at Interface, inch Ol - 0.5
Depth of Grooves, inch 0.28 - 0.25
Radius at bottom of Grooves, inch 0.15 - 0.25
Effective Wall Thickness Ratio, Jacket/Lincr 2,602 3,064 2,653
(i.e. at sections through bottom of grooves)
Shrinkage ot Interface, inch 0.005 0.005 0,005

Steel Specification

£52, analysis 1, Yicld 45-55 tons/in°

Table 2.

Data extracted from C,I.lf.0. Records.,

Measurement of diameter of Cylinders before and after building.

Distance from Cylinder No. 1 Cylinder No. 2 Cylinddr No, 3
Brecch End Boare Bxteriors Bore Bxterior®| Bore Exterior
diameter [diameter |diameter | diameter |diameter | diameter
Decrease |Increase |Decrease | Increase |Decrease | Increase
inches inch inch inch ineh inch inch
0.5 0.0035 0.0010 0.0035 0.,0020 0.,0035 0.0025
2 0030 .0015 .0030 0020 .0030 .0025
4 0030 05 .0030 .0020 .0030 «0025
6 .0030 .0020 .0030 .0020 .0030 »0025
8 .0030 .0010 »0030 0020 .0030 .0020
10 «0030 .0010 0035 . 0020 .0030 +0020
12 .0030 0015 0040 .0020 .0030 0025
1, 0030 0010 .0035 0020 .0025 .0025
16 «0030 +0010 .0035 »0020 .0020 .0025
17.5 .0030 0010 0035 0020 »0020 +0020
Average 0.00305 | 0.00130 i 0.00335 | 0.C0200 | 0.00280| 0.00235
Bare Decrease
+ Exteriar
Increase in diamcter 0.00435 0.00535 0.00515

n Interpolated from mecasurements at 3=-inch intervals.
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Grooved .Jacket

Summary of Stross Doterminations mado bofore and aftor the Hoat Treatmonta.

Cylindor No. 1

Table 3.
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\' : Tabhle 6, Effect of Heat Treatment on Stress Values.
¢ 3
S ' Change of Stress after Treatment
} Mean Diameter - Stress for 1_hour at temperature
of before "LOOTC 4509C 5000C
N Test Ring Treatment - 1=
- inches tons/in, 2 tons/ | per | tons/ | per | tong/ | per
: | in2 | cent | in,2 | cent | in,c | cent
Cylinder No. 1 (Grooved Jacket)
3,21 11.6 Compression +1.2[ +10 | =1.8] =14 | -1.91 ~ 16
3,68 10.1 " 0.0 0] = 0.1 -1 - 1.1 - 11
415 9.7 " - 1.5 =15 ] + 0.1 + 1 - 14 ] -1
i‘ - L4499 7.1 Tension ~0.6| « 8] =131 =18 « 3,1 - 44
548 641 " =~ O | = 7| =1e8] =28 =24 | « 39
5e 9l 55 " ~1el ] =20 =13} =24 | - 2,1 ] -~ 38
6,42 I 5 " + 021 4+ L] =0k] - 9 -2 | -u
6,90 4,2 " « 0,6 =~ 14} =1,0] =24 = 04| =10
7.38 4e2 " ~ 0,5 ~12) ~-1.2| -29} -1.6} - 38
7.26 30 " - 1.5} =85 1] =091 ~«3}| =-1,2] -40
Liner gmeang 10,4 Compressicn ~O0el | = 4] =04 | = 4§ =141 =13
Jacket (mean 4.9 Tension ~ 07 =14 | =11} =221 =-1.7] - 35
Liner/Jacket
Rati 2,1 + 0,3 - + 0.5 - + 0,7 - ]
Cylinder No. 2 (Plain Tubes)
3.21 152 Crmpression «2,0)] «13 | =31 | «20]| ~-59] - 39
3,68 1243 " -~ 1.9 ] =15} - 2.1 - 17 | = 3.1 - 25
A 4.15 10-6 " - O-L{- - l{- - 100 - 9 - 209 = 27
i Lelt3 6.6 Tension =01l = 2|~05] - 8] =141} -2
F Lo92 5.9 " « 0,3 =~ 5| =-0.8) 4] -02]- 3
Seltt 52 " =171 =-33]-0.,5} =101} - 0.7 - 13
| 5.90 5,0 " -2 -2 | -3 -26] -4.2 ] =24
8. 39 3.7 " -0k [ =11 ] =02 =54 | - 0,6 =16
6, 88 3,6 " - 0.8] - 22 - 0.8} -22] ~«0,6] -17
7. 37 343 " 0.0 0] =03 | -101]=09] -2
7. 86 2,9 " = 0,3 =10 { = 0.1 - 31 ~-0.3}1 ~-10
f Liner éMeang 12,7 Compressiocn 16 =13 }-2,2 ) =17 ] =-3.8] =30 !
' Jacket (Mean 4¢5 Tension 0.7 | - 16 0s6 | =13 | = 0,7 | =16 |
Liner/Jacket o
. P\.ati') 2.8 + 011 - - 001 - - 005 -
Cylinder No. 3 (Groeved Liner)
3,21 11,0 Compression “09] =. 8| =02 }|= 2] ~2,41 =22
3,68 8.9 " + 03} + 31 +0,7]+ 8! -08} -9
: bel5 7.7 " +0,6[+ B |+2,7)+35]-1.3]- 2
: L.93 4.5 Tension ~ Ot = 9 | =09 =20 =~2,5]| = 586
! 5-1+2 601 " + Oob- + 7 had 100 - 16 - 1.8 - 30
' 5-91 600 " - 1.4 - 23 - 1.2 - 20 - 2.9 - 48
N 6. 39 4.9 " + 1.0 +20 | =0,561 =10 = 2.1 - 43
‘ 6, 88 Le7 " “01| - 2 }|=~Ce6 | ~131~-1.8]| ~ 38
. 7-37 ll-c1 " + 242 + 51-0- - 019 - 22 - 1.0 - 21+
} 3 7.86 3.9 " =01 | = 3]=08]=211=14.7] bk
3 Liner (mean 9.1 Compression + 0,11+ 1 ]+1,0]+M11 |=1.3] -1
Jacket (mean 5.0 Tension + 03] + 6 | =081 ~16]~-1.9] - 38
Liner/Jacket 1.8 -0,1 ] - +0.,6] - +0,7] =
Ratio
25,




\ Table 7 Measurement of Rings for Stress Determination
Cylinder No. 1 Before Heat Treatment

hamsachan e oo

ilean Dia-|Chan;e in Diameter of % Stress [[Change in Diameter of ¥ Stress
meter of (Ring af'ter Parting Off equivalent iRing after Parting,off equivalent
Test Ring| millimetres x to millimetres x 10° to
inches " Hoop Strgin Hoop Strain
Verticel Horizontallmean tons/in Vertiocal {Horizontal|liean | tons/in?
0.0 inch fram Breech Bund 0e34 inch fran Breech End
3.21 + 84 + 7 1+ 79 - 12,6 + 64 + 61 + 631 -10.5
3.68 + 84 + 8 |+ 8 - 11,7 + 76 + M + 741 - 10,3
k15 +123 + 64 |+ 93 - 1,5 + B1 + 64 + 73] = 9.0
4.99 - 99 -2 |=63 + 6.5 - 84 - Ll -64 | + 6.6
5446 - 61 - 54 |=-58 + 5.4 - 8 - 55 70| + 6.6
5-94 - 58 - 10-2 - 50 + Ll--} - 83 - 51 - 67 + 5.8
6'2‘_2 - 70 - h.o - 55 + 14-.10- - 5&- - 35 - 10-5 + 506
6.% - 53 - l..2 -~ + 3.6 - 62 - 66 - 6’-’- + I+G7
738 - 73 ~3 |-5 + 3.3 - 70 -5 {-60] + 4.2
7.86 -59 - ~ 59 + 3.8 - 64 -1 -33] &+ 2.4
0.65 inch from Brcech Bnd 587 inches from Breech End
3421 + 70 + 535 |+ 62 - 9.9 + 95 + 87 + 91 | - 14.5
3.68 + 60 + 52 |+ 56 - 7.8 + 78 + 86 + 82 1 -« 1.4
)4-.15 + 81 + 66 + 73 - 9-0 + 72 + 66 + 69 - 8.5
14-099 - 76 - 10»8 - 62 + 6.&— - 81 - 8 - 81 + 855
5.)-#6 - 73 - 67 - 70 + 6.6 - 72 - 60 - 66 + 6.2
5.9 - 63 - 58 =61 + 5.3 - 80 - 63 «-72 1 + 6.2
6.1F2 - 71 - u;. - 58 -+ 4.6 - 65 - 58 - 62 + )+l9
6.9 - 67 - 43 |-55 + Lo ~ 65 - 62 -6l |+ L7
7.38 - 6l -5 =601 + 42 - 73 =6 |=69 1 + L8
7.86 - 81 + 21 - 30 + 1.9 + 99 "216 - 58 + 3.8
8.20 inches from Breech End 8.52 inchcs from Breech End
3.2 + 54 +4 P L9} - 7.8 +100 + 77 I+ 89} ~-14.2
3.68 + 86 + 29 I+ 58 ~ 8.1 + 90 + 69 + 80 | - 11.1
4415 +11 + 38 1+ 7 - 94 + 96 + 86 + 91| -11,0
4,99 - 69 -83% |-76 + 7.8 - 62 - 72 ~67 | + 6.9
546 - 77 -5 [|-681 + 6. - 54 =57 =% |+ 5.2
5¢% - 70 -65 [-67T ] + 5.8 - 65 -62 |~64] + 55
6,42 -5 -37 |-72 + 5.7 -53 - 42 -481 + 3.8
6.9 - 76 -69 |-72 ] + 5.3 -35 ~49 =42+ 34
738 - -5 |- 65 + 45 -~ 58 = 57 -58 1+« L4
7.86 -5 - 46 =48 + 341 - 52 - -L49 ]+ 3.2

u Assucd Young's Modulus E = 13,000 tons per sge inch.
Comprossive Stress indiocated by minus sign.
Tensilo Stross indicated by plus sign,
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Table 8,

Measurement of Rings for Stress Determination

Cylinder No, 1

After Heat Treatment

Meon Tia~ | éhange In Diameter of % Stress jonenge in Liameter of [ Stress
- Ring after Parting Off ; Ring after Parting Off |equivalent
meter of : 3 Equivalent o q
Test Ring millimetres x 10 to | —millimotres x 10 to
inches Verticall Horizontal| Mean Igggl; ?;Cll-w |Vertica.l Horizontal|Mean Hgggsﬁggm
After Treatment for 1 Hour at 400°C
6,20 inches from Breach End 6,50 inches from Breech End
3.21 +102 + L4 + 73] = 1146 +103 + M + 871 « 13.9
2,68 + 45 + 35 + 40| - 5.6 +121 + 88 +105| - 14.6
4.15 +101 + 4 + 72| - 8.9 + 80 + 42 + &1 - 7.5
4. 99 - 57 - 81 - 58] + 6,0 - 57 - 78 - 681 + 7.0
Se 46 - 72 - 51 ~ 62] + 5.8 -~ 33 - 85 - 59} + 5.5
5 9 - 43 - 68 - 58] + 4.8 - 87 - 6 - 471 + L0
6,42 - 22 -10k - 83 + 5.0 - 53 -57 |- 55 + 4o
6,90 -127 + 11 - 58] + L4.5 - 56 - 21 - 391 + 2.9
7.38 - 70 - 5 - &1 + L4,2 - 49 - Ly - 471 + 3.2
7.86 - 3 © - 38 - 36| + 2,3 + 14 - 28 - 91 + 0.6
i —
After Treatment for 1 Hour at 450°C
B —_.6.80 inches from Breech End 7.10 inches from Bresch End
3.21 + 82 + 64 + 7? - 11.6 + 37 + 66 + 52 - 8.3
3,68 + 88 + 59 + 73] - 10.1 + 77 + 65 + Ml - 9.9
4415 + 75 + 97 + 86! - 10,6 + 81 + 66 + 731 - 9,0
4,99 - 50 - 58 - 84 + 5.5 - 58 - 62 - €0 + 6,1
5. 46 - 23 - 61 - 421 + 3,9 - 52 - 57 - 551 + 5.1
594 - 3 - 65 - 49| + 4.2 - 4b - 53 - 49l + L2
6,42 - 32 - 74 - 53] + Le2 - 48 - 5 - 50] + 4.0
6,90 - €7 - 21 - Lh4] + 3.3 - 44 - 4 -~ 41l + 3,0
7.38 - 39 - 45 -42] + 2.9 -133 + 44 J-44l+ 3.0
7,86 + 4 - 52 -2+ 1,6 - 6 - 74 -~ 40l + 2.6
After Treatment for 1 Hour at 500°C
250 inches from Breech End 2.83 inches frem Breech End
3.21 + 80 + 49 + 65| - 10.4 + 41 + 71 + 58] - 8,9
3.68 + 63 + 60 + 62) - 8.6 + 71 + 70 + 71 = 9k
4.15 + 77 + 46 + 62| - 7.8 + 84 + 62 + 731 = 9.0
4,99 - 48 - 38 ~ 43 + Loby - 5 - 15 - 35 + 3,6
5,46 - 51 =43 = 47| + bt - 45 =478 |- 31|+ 2.9
549l - 62 - 429 |- 52f + 4.5 - 33 -19 |- 26+ 2.2
6,42 - 37 - 29 - 33} + 2.6 - 43 - 16 =30+ 2.4
6, 90 - 957 - 47 - 57| + Le2 - 65 - 27 - 461 + 3.4
7.38 - 50 - 35 - 4of + 2.9 - 65 + 1 -3+ 2.2
7'86 - 5&- -~ 16 - 25 + 106 - 20 - )+3 - 31 + 24

» Assured Young's Modulus E = 413,000 tons per sq, inch
Compression stress indicated by minus sign

@ Interpolated values,

27.
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\ Table 9 Measurement of Rin;s for Stress .Jetermination

Cylinder No. 2 Before Heat Treatment
Fﬂ—evan Dia- | Change in Diameter of T stress Change in Diometer of | Stress
neter of Ring after PartingOff equivalent Ring after Parting, Off equivalont
Test Ring |  millimetres x 107 " %o | millimetwes x 100 to
3 = < o .o C
inches Vertical|Horizontallilean szﬁsiﬁg' Myer tical'lHorizontal Mean Hozﬁ n:ziin
0.0 inch from Breech End @ 0.35/0.70 inch from Breech End
} 3.21 + % 13 |+103 | = 164k + 90 + 89 |+ 90| = 143
3.60 + AN + 87 |+ 89 - 124 +75 + 8 |+ 8] -1
4,15 + 75 + 92 |+ 83 - 10.2 + 83 + 50 |+ 67 - M
Loli3 - 5 -13 |- 9 + 1.0 + 3 -21 {- 9] + 1.0
492 - 58 -60 |-5] + 6. - 50 =32 |- ]+ k3
S - 75 -7 |- + 7.0 - 5k -48 |-51 + 48
5.90 - 52 -57 |- 5% + L7 - 72 -5 |=64L] + 55
6.39 - 68 -5 |-61 + 49 - 35 -35 |-35] + 2.8
6.98 -79 -63 |- 7 + 5e3 -39 -30 |-34| + 25
7.37 - 58 - )+9 - 54 ;‘- 3-7 - )+0 - 32 - 36 + 2.5
7‘86 + 13 - 49 - 36 + 2.} "105 - ll'o - 72 + 14-07
! 1,05 inches from Breech End 5.85 inches from Breech Znd
] 3,21 + 87 + 89 |+ 88 - 4.0 +109 +103 [+106]| = 1649
f 2,68 + 98 + 9 e 9| =134 v 92 389 |+ 9| -12.6
L.15 + 68 +93 |+ & = 10.0 + 76 + 76 |+ 761 = 94
Lo43 - 29 -3 |-30 + 3.5 - 51 -7 1 =63) + T3
492 - 62 -87 {-75} + 7.8 - 61 -4 | =51 + 5.3
5.4 - 3 -62 |=-L8 + 4.5 - 42 -50 | =46] + Led
5090 - 57 - 38 - '+8 + 45 - 56 - 50 - 55 + 1-1-06
6.39 - 45 - 64 |~-55 + beb - 50 -5 | =53] + L2
6.88 - 25 - 48 |-37 + 2.7 -3 -3 [=31) + 2.3
737 - 5k -3 |=-45 + 3 - 28 =40 | =3h] + 2
7.86 - 40 -83 |- 61 + 4.0 + 9 A0 [- 23] + 1.5
8,46 inches rrcix Breech dnd 8.47 inches from Breech End
3.24 +102 +88 [+9 ] -151 + 9 92 [+ 92| - 146
3,68 .+ 82 +102 |+ 92 - 12,8 + 85 + 8 {+8) -1.8
4,15 + 9 +103 |+100 | - 1243 + 87 + 83 |+ 85| =105
Leltd - 73 -7 |-75 + 8.7 - 55 -62 1 =59 + 6.8
i 492 | - 65 “éo [-63] + 65 || -3 -47 |-50| + 5.2
541 - 58 -5 -5 + 5.2 - 58 -5 | =571 + Sek
50% - 58 - 81 - 69 + 600 - 49 - 55 - 52 + llbos
6.39 -7 -70 -39 ]| + 34 - i -29 | =351 + 2.8
! £.88 -106 -12 |- 59 + L - 52 -58 | ~55] + Ut
7.37 | - €8 -7 |-72] + 50 || =37 =50 |-kl + 3.0
7.86 | + 3 A2 [=45 1 + 29 - 18 -8 | -33] + 24

w Assuned Young's iodulus E = 13,000 tons ser sq. inch
Compression Stress indicated by minus sign.
Tensile Stress indicated by plus sign.
@ Results for Lirner only at 0.35 inch from Bret:ch Er‘:d
" i

1] Jacket a Hi 0.70 " H]
Complementary results lost owing to machining errars.
28.




\';; Table 10. Iileasurement of Rings for Stress Determination
ii Cylinder No. 2 ufter Heat Treatment ‘
£ i
¥ v - - e e = :
4 llsan Dia-| Change in Diameter of » Stress Change ih Diampter of # Stross 1
meter of | Ring after Parting Off |equivalent || Ring after Parting,0ff | equivalcnt
Te;t f}i‘ms millinetres x 10° to m1limetres x 10° %o
nches 3 - .
Vor tioal [Hort sontal |loan e ertic‘a—lIHarizontal loan -H°2§n§j§z%“
Aftcr Treatment for 1 Howr at 400°%C )
. 6.17 inches from Breach End 6.40 inches from Breech End—
3,21 + 68 + 8 |+ 76 - 12,1 + 90 + 89 90| - 14.3
3.68 + 52 + 57 |+ 55 - 7.6 + 87 +100 f 9.1 -13,1
L5 + 7h +75 [+75 ] - 9.2 + 83 + 9% {+ 90| - 11,1
L3 - 40 -82 |-61| +« 7.0 - 52 -5 1-52] .+ 6.0 i
192 - 49 -5 [=53] + 55 - 43 -67 |=55] + 5.7 1
5.41 -2 -5 |-37 + 3.5 -1 =59 |=37] + 3.5 :
5.90 - 52 =40 |- 46 + 4.0 -5 =75 (=40] + 3.5
6-39 - l&-1 - 65 - 53 + 4.2 - 58 - 2 - 30 + 2-4
6.88 - 47 - 34 |- + 3.0 - 7 -62 |-35] + 2.6
7.37 - 33 -39 |- 36 + 2.5 - 66 - 48 |-57] + 4.0
7.86 - 36 =51 [-43 | + 2.8 - 10 -6k |=37] + 2.
after Treatment for 1 Howr at 450°C
! 6.80 inches from Breech End 7.15 inches from Brcech End ;
- 3,21 + 88 + 60 |+ 74 - 11.8 + 75 +79 |+ 77| -12.3
B 3.68 | + 62 +92 [+77 | -10.7 + 68 +72 [+ 70| - 9.7
f L.15 + 90 + 8 {+ 85 - 10.5 + 70 + 71 |+ 70} - 8.6
f Ll -3 - 66 |- 51 + 5e9 - 52 -5 [=5k| + 6.2
; L. 92 - 60 -39 o=~50 | + 5.2 - L5 =49 (=47} + 49
; 5ol - 36 =57 |-47 + Lok - 51 -5, |-521 + L.9°
5.90 | -40 -4 |-40 | + 3.5 - U -5 |-44] 4+ 3.8
i 6.39 - 63 =24 |-43 KR O - 43 =47 |-45] + 3.6
¢ y‘ 6.88 - 13 - 66 - l{-O B 300 - 32 - 36 - 3‘# + 2-5
' 7037 - 27 - 63 - 14-5 + 3-1 - 54 - 26 - m + 2.8
7'86 + 17 -126 - 5}-0- -+ 3.5 - h2 "'106 - 32 + 2-1
] Aftor Trecatment for 1 Hour at SQOOC
' 2,50 inches from Breech End 2.83 inches from Breéech End
3021 + 55 +50 i+ 52 - 8.3 + 63 + 64 |+ 641 =-10.2
3.68 + 64 +66 |+65 | « 9,0 + 65 +72 |+ 68| - 944
i L5 | o+ 67 +56 |+61 | - 7.5 + 73 +54 |+63] - 7.8
Leli3 - 52 -48 |-5 | + 5.8 - 38 =39 |=39]| + ke
3 4.92 - 46 -5, |~50 + D2 - 62 -57 |=-60] + 6.2
St - 42 =56 =49 | + L6 - LO 54 |=47] + Lo
5.9 - 41 =52 |-46 | + 4.0 - 38 -4 =401 + 3.5
6439 - 45 =42 -4 + 3y - 48 -22 |=-35] + 2.8
6.88 =30 -48 -39 |+ 2.9 - 42 -37 |=-40} + 3.0
7.37 - 25 - 42 - 33 + 243 - 45 - 23 - 34 - 2elp
7.86 - 55 -4 =48 |+ 3.1 + 30 =97 |-33] + 2.4

# issuicd Young's iiodulus 5 = 13,000 tons pcr sq. inch
Comprossive Stress indicated by minus sign. ’
. Tcnsile S;ress indicatcd by plus sign.

‘ *-maa?....w..,.ﬁm,,bu
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Teble 11.

Heasurcment of Rings for Stress Determination

Cylinder No. 3 Before Heat Treatment

Mean Dia- | Change ih Diameter of | Stress Change in Diameter of |u Stress
meter of | Ring af'ter Parting Off |equivolent Ring af'ter Parting Off |equivalent
Yest Ring millimetres x 10 to millimetres x 1 to
inches
g Vertical |Horizontal| Mean Hozgnztig%n ertical Horizontall Mean Hozgnzfiién
0.0 inch from Breech End 0.53 inch from Breech End
3,2 + 70 + 92 |+ &1 - 12.9 + 49 + 96 b 73 |- 11,6
3.68 + 68 +78 [+ 73 - 10.1 + 45 + 51 + 48 |- 6.8
415 - Th +8 |+ 78 - 9.6 + 33 + 77 + 55 1= 647
54..93 - 58 - 77 | - 67 + 649 -39 - 36 - 38|+ 3.9
5.2 - 70 -6 |~67| + 6.7 - 72 -47  |-60 |+ 5.7
5491 - 52 - - 52 + LS - 84 - 53 - 69 |+ 6.0
6439 - 42 -4 -2 + a4 - 78 - 55 - 67 |+ 5.
6.88 -7 -40 [-58 | + 4.3 - 6l - 62 |- 63|+ L.7
737 - 63 - 58 |-60 + b2 -4 - 66 - 70 ]+ 4.9
7.86 -118 + 21 |-48 + 34 -115 - 7 - 61 }+ 4.0
0,85 inch from Breecch End 575 inches from Breech End
3,21 + 51 + 80 |- 66 - 10.5 + 69 + 66 + 68 | - 10,8
3.68 + 63 + 58 + 60 - 803 + 7’+ +102 M- 88 - 1202
4.15 + 6l + 61 |+ 63 -~ 7.8 + Gl + 74 + 84 | - 10,3
4493 - 55 - 68 |-62 + 64 -2 - 16 ~19 1+ 2,0
542 - 69 -70 {-69 + 6.5 - 60 - 30 - 45 [+ L2
2.%1 - Z} -58 |-65 | + 5.6 117 - 63 -0+ 7.8
. 9 - 02 - 56 - 59 + 10-08 - “‘- - 78 - 61 + }+c9
6.8 - 63 -62 |-62 + ko6 - 64 -77 - 70 [+ 5.2
7.37 - 60 - 49 | =-55 + 3.8 - L -1 - 421+ 2.9
7.86 - 83 -7 |-78 + 51 - 76 - 7 - 41 |+ 2.7
8.02 inches from Breech End 8.33 inches from Breech End
3.21 - T4 + 64 |+ 69 - 11,0 + 72 + 40 k56~ 8.9
3.68 + 58 + 60 |+ 59 - 8.2 + 62 + 46 H 54 |- 7.5
L.15 + 21 +2 f+ 20 - 2.6 + 76 +77 [+ 73]- 9.0
4.93 - 24 -3 |-28 + 2.9 - 34 - 60 - L7 1+ 49
5.42 -77 -98 |-88 - 8.3 - 65 - 58 -61 ]+ 5.8
5.91 - 52 -8 |-70 + 6.1 - 62 -7 -68 |+ 5.9
6.39 - 71 - 9‘0- - 82 + 6-6 - w - 55 - 52 + 14-02
6.88 - 75 - 91 - 83 o+ 6'2 - 10-1 - 47 - L4 i+ 3.3
737 - 59 -6l |-60 + 42 -5 - 70 - 62 [+ L
7.86 +148 <305 |-78 |+ 5 + 8 =105 |- 48]+ 31
n _ssumed Young's liodulus E = 13,000 tons per sq. inch

Compression Stress indicated by udnus sign.

Tensile Stress indicated by plus sign,

Jo.
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\. Table 12. leasurement of Rings for Stress Determination 1

v Cylinder No., 3 after Heat Treatment

- [Hoan Dia- |Chengo of Diamctcr of [a Stress Change in Diamctor of |® Stress e
meter of |Ring after Parting.0ff |equivalent Ring after Parting Off |equivalent

Test Ring willimotres x 10° to millimctres x 1 to
inoches 5 St - R R
Vertical {Horizontal| Mean H°§§ns /E: ® {vertical |Horizontal liean H°§§nf}§f,‘%"
, Af'ter Treatment for 1 Hour at uoo°c
i 6.03 inohcs from Brecech End 6.35 inches from Breech Bnd
3,29 + 58 +45 L52| - 8.3 + 70 + 77 }. 7| =11.8
3,68 + 45 +53 |+ 49 - 6.8 + 88 + 77 w83[-11.5
}+u15 + 61 + 58 4 59 - 703 + 69 + 81 4 75 - 9.2
L.93 - 33 -3 -3 + 3.5 - 42 - 46 -4 |+ L.6
5-16-2 - 83 - 85 - 810- + 7-9 - )+9 - 58 - 514- + 501
5e N - 49 - L7 - 48 + L2 - 4O - 76 =58 |+ 5.0
6.39 - 64 -71 |-70 ] + 5.6 - 27 -125 -76]+ 6.
6.38 - 60 -7 |-70 + 5.2 - 18 - 86 =52+ 3.9
737 -4 -8 |« 62 + Lo - 85 ~152 <1131+ 8.2
7.86 - 10 "102 - 56 + 3.6 - 15 "106 - 60 L 3.9
4 o iftor Trcatment for 1 Hour at 450%
3 ‘* 6.65 inches from Brcech End 695 inches from Brecech ind
i 3.21 + 70 + 77 |+ ] -11.8 + 60 -6 e~ 9.7
b ; 2.68 + 70 + 63 |+ 66 - 9,2 - 72 N + 71~ 99
] i L5 + 9N + 31 |+ 86 - 10.6 121 + 45 + 83| ~10.2
4493 - 38 -33 |-36 + 3.7 - 30 - 38 -3+ 3.5
: 542 - 61 - L |-53 + 5.0 - 57 - 5 -5, |+ 5.1
' 5e9 - 58 -57 [-57 | + 49 - 52 -54  |=-53]+ b
H 6.39 - 62 - 55 |- 58 +  Leb - 49 - 58 - 53|+ L2
6.88 -5 -5 |-53 + 3.9 - 57 - 60 ~ 581+ L3
4 7437 = 51 -2 |-38 | + 2.6 - 56 -5 [-55|+ 3.8
5 7.86 - 30 - 69 - l|-9 + 3.2 '+ 88 -179 - l‘-s + 2'9
After Treatment Por 1 Hour at 500°C
3.4 inches from Breech Bnd Jl 3.67 inches from Breech End
3,21 + 63 + 50 |+ 57 - 9,1 + 46 + 54 + 5|~ 8.0
3,68 + 75 + 51 J+ 63 - 8.7 + 50 + 55 + 5]~ 7.5 ‘
Lo15 + 34 +50 [+52 ]| - 5.2 + 63 + 61 [+ 62}~ 7.6 | |
4493 - 43 -9 - 26 + 2.7 - 12 -13 -13] % 1.3 :
5.1]-2 - 61 - 10-5 - 53 + 5-0 - 5&- - 21 - 38 + 306 I
5.9 - 29 -57 |-43 | + 3.7 - 29 -27 {=28|+ 2.4
6.39 -39 - 33 |-36 + 2.9 - 36 - -32]+ 2.6
6.88 - 56 -18 |-37 | + 2.7 - 27 -5 |-+ 3.0
737 - 49 -27 |-38 + 2.6 - 57 - L5 =51+ 3.5
7.86 + 9 -60 |=26 « 1.7 + 33 117 421+ 2.7

x .Assumod Young's modulus E = 13,000 tons por sq. inch
"Conpressivc stross indicated by minua sign
Tonsilo stross indicatod by plus aign.




\' Part III ij

-Measurement of relaxation of :Lnte‘rn_g__l stress by the X-ray method

=g

(Work carried out by the X-ray Section, S.P.il.) . li

Experimental details

Three sections of compound tubes, marked a5, BS5 and C2.5 were received
from S,i,R. A5 was a section from the compound tube witi channels in the
: Jacket, C2.5 from the tube with chennels in the liner, while B5 was a section:
] from the plain compound tubc. The flat surfeces had been ground after
sectioning. The only othcr preparation prior to X-ray cxamination was tho
polishing and ctching of a numbcr of radial strips. Approximately 0.007 inch
was removed from each strip in order to climinate any distortion of the crystal
lattice caused by machining and grinding.

Provided the matorial has not been plastically deformed, the internal
strain as measured by the change in the interplanar spacings of the crystal !
Jattice is releted to the internal wmacro-stresses by the normal eguations of
elastic strain. Heasurements of the interplanar spacings cen be made with .
sufficicnt accuracy only by using the X-ray back-reflectiom method. By this : !
method the interplanar spacings of thosc planes which ere roughly »parallel
1o the plane surface of the section were measured and the lattice strain °
values derived by compzrison of these spacing values with the unstrained .
value obtained by measurements on annealed filings of the seme material.

The wmethed therefore measured the strain in the Cirection normal to the

plane surface of the section, i.e. the axial dircction of the tubes Since

} the axial stress in thin sections is zero, the strain measured was that due |
X to combined radial and circumferential stresses. For this reason the imeasure- '
] ments on the outer jacket were not effective since the Joisson strains arising
from the tensile tangential stress and the compressive radial stress were in

| opposition and of the same order, giving little or no net strain in the axial
dircction. llecasurements were thus restricted to the inner tube or liner,
where the radial and tangentizl stresses vere both compressions.

Measurements were made along several radii at points distant 1/16, 5/16
. and 9/16 inch from the bore surface. The wider annulus of C2.5 permitted
! an additional measurement between two channels at 13/16 inch. The measure-
ments -ere repeated after annealing at 14.00 450, 500,:550 and 600°C. The A
specimens vwere heated and cooled at 75 C ocr hour and maintained at ‘
temperature for one hour. o R

The sum of the tangential and radlal stresses was calculated from the
interplanar strains by the equation U

Sr+St=-§d1 -do
m .do

vhere d4 and d, were the stressed and unsiressed values of the interplanar
spacing, The values of m, Poisson's Ratio, and E, Young's iiodulus, were
taken from earlier X-ray work as m = 0.3 ard 3 = 12,900 tons/sq. inch for the
normal direction of (310) planes.

e,

The accuracy of measurement attained was + 3 tons/sq. inch.
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Observations

The caloulated stress values (Sr + S¢) are given in tables 1, 2 and 3.
Apart from the anomzlies discussed below the mesan stress level was, within
the limits of experimenial error, uniform for the liner of the unchannelled
tube B5, but for the chennelled tubes 45 and C2.5 the stress lcvel (Sr + St)
deoreased from the bore surface to the intorface. This gradient of stress
persisted in .45 after anncaling at 600°C,, but was eliminated from C2.5
after annealing at 500%,

Except in B5, where the sum of the principal stresses along redius 1 in
the as received condition was markedly lower than that along the other radii,
and in A5, where a comparatively low stress value ncar the interface on radius
4 persisted throughout the anncaling treatments, the stress distribution in the
as received ocondition, within the limits of exporimental error, was consistent
from one radius to anothor. In B5, further etching along radius 1 failed to
raise the measured stress level to conform vith the others. This wvould suggest
that the anomaly was not duve to residuel cold work due to machining end grinding.
On the other hand, after an annealing at 400°C the anomaly was removed. It is
possiblc that the lower stress levcl along this radius may have been due to a
slight misfit bectwecn the liner and casing or to uneven shrinking when asscmbling.
There is some evidence of a similer effeot along radius 2 of the same ring vhore
the stress level after amealing at 400°C was slightly highcr and conformed iore
closely to thc values along othcr radii. .

JApert from these anomalies, the stress level in the three rings was not
significantly affected by annealing at 400 or 450°C. =nnealing at 500%C
resulted in a considerablz dro) in the stress 1eve16 continuing at 550°C and
falling to less than half the original level at 600°C.

The stress level in C2.5 was lower than in A5 to LSOOC both being
substantially lower than the stress level in the plain tube B5. After
snnealing at 500°C the stress level in .5 fell to the same wean value as in
C2.5, the equality persisting after annealing at 550°. and 600°C.

Conclusions

Satisfactory stress measurements in sections of compound tubes using
X-ray interplanar spacing measurements could only be made on the inner
components wher2 the radial and tangential stresses were both compressive.

The mean values of the sum of the principal stresses (tangential and
radial) aftcr various anncaling treatments were as follows:-

B5 a5 C2.5
A8 rcceived 22,6 17.6 14.6 tons/sq. in.
(ignoring radius 1)
anncaled 400°C 24.0 17.4 14.8 tons/sq. in.
" 450°% 22,5 16.7 14.8 "
v 500% 20.5 12,4 1244 "
" 550% 17.9 9.8 10.6 "
“ 600°C 8.6 645 6.3 "

These values are plottcd in Fig. 11,
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Table 1 - Plain Compound Tube, B,5

Stress distribution in inner tube

Sum of Principal Stresses (S}. + S¢) in tons per sq. inch

As receiVu-é_‘," Annealed at 400°C
Position along racius Position aleng radius
Bore Mid~ Inter- Bore Mid- Inter~
way | face ey i fac-
Radius 1 11 9 12 23 22 22,5 |
2 19 19 21 235 26 26
3 2k 235 26,5 23 25 23
L 23 19 25 22 26,5 26,5
5 25 21 22 25 23 23.5 t
Mea.r_z- ~ a1z i T
| Stress 20.4 18,3 2143 { 2343 24,5 24,3
; a Annealed at 450°C Anncaled at 500°0
: Position along radius Position along radius
} Eore 1id- Inter- Bore 1ide Intar-
way face viay face
Radius 1 17 17 20 21 16.5 22
2 24 23 21.5 17 22 21
3 25 23 26,5 20.5 2145 25
L 22.5 22 25 21 21 22
| 5 1 2 2245 25 18 19 20
- - . -
|y "
| Stross 22,5 | 21.5 | 23.6 19.5 | 20,0 22,0
i

—— - — —

. m———

Annealed 550°C Annealed 600°C
Position along radius } Position along radius
| o T -
Bore | Mid- Inter- Bore | lMid~ Inter-
1 5 ey facc .| vay face
Rodius 1 ' 17 | 17 16,5 65 9 8
2 175 | 17.5 17 8 8 9
3 19 i 175 20 10 11 9
b1 155 20 . 175 9 1 55 9
. M : 1 {
5, 18 | 19 1 19 i 8 8 14
e e et ety
an ! N 2
' Stress 7.10- 1 1808 1 1800 L 8-3 803 ' 902 '
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Table 2 = Slotted Compound Tube, A5

Stresg distribution in jinner tube

Sur of Principal Stresses (Sr + S‘c) in tons per sq, inch

As received Annealed at 400°C
Position along radius Position along radius
Bore Mide Inter- Bore Mid- Inter-
way face way face
Radius 1 21 17 17 22 20,5 18
2 21 16,5 18.5 16,5 17 18.5
20.5 15 16 20 14,5 14
L 23 16 10 2245 15 10
Mean .
Stress 21.4 16.1 1,‘:.2'}- 20.3 1658 o 15.1
Annealed at 450°C Annealed at 500°C
Position along radius __Position along radius
Bore Mid—- Inter- Bore Mid- Inter-
e ] way face viay face
2 19 16 17 e 5 13 12
20 e 5 13 16. 5. 12 8
L 20,5 1245 10.5 12 11 8
] -
Mean ’
Stress 1945 14 154 6 1443 12.3 10, 8
Annealed at 550°C Annealcd at €0C°C
Pcsition along radius Position along radius
Bore Midw Inter= Bore Midw Inter-
| viay face viay face
Radius 1 1he 5 10.5 14 8.5 7 8.5
2 10,5 8.5 9 6 Le5 5
3 10 10 3 8 9 2
L 12.5 8 L5 8,5 6.5 4
Mean‘ .
Stress 119 23 7.6 7.8 6.8 49
35
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Table 3 - Slotted Compound Tube, 02,5

Stregs distributicn in inner tube

Sum of Principal Stresses (Sy + S't) in tons per sq. inch

As received
Position aleng radius

Annealed at 400°C
Position alcng radius

Bore |5/16" |9/16" | Inter- |Bore | 5/16" | 9/16" | Inter-
face face
21 1, 13 15 Slot 16 14 14 Slot
31 16,5 15 15 13 15 15 15 1%
LWt 16 16 16 Slot * 16 14,5 15 Slot
Mean .
Stress 153 | 15.0 14,6 12,5 15,8 | 146 14.8 .13.3

Annealed at 450°C
Position along radius

Annealed at 500°C

___ _Position along radius

Bore |5/16" | 9/16" | Inter- | Bore | 5/16" | 9/16" | Inter-

face face
Radius 1| 14 145 | 15 13 9 12,5 | 12 12,5
2] 16 15 13 Slot | 12 12,5 | 10 Slot

3] 145 | 14e5 | 15 14 12,5} 13 12 13

L} 18 145 | 16.5 Slot | 16.5| 12,5 | 14 Slot

Mean

Stress | 1546 | 146 | 149 13,5 | 12,51 12,6 | 12,0 12.8

Annealed at 550°¢C
. Positicn along radius

Annealed at €00°C
Position along radius

Bore [ 5/16" | 9/16" | Inter- | Bore | 5/46" | 9/16" | Inter=

face | face
Radius 1] 10,5 8.5 9 9 Le5 Le5 5 5

2] 13 8.5 8.5 Slot 5 6 7 Slot
31 13 11 13 12,5 645 9 8 8

41 10,5 | 12 10 Slot 7 7 7 Slot

Mean 11,8 | 10,0 | 10.1 10,8 58] 6.6 6,8 5.5
Stress L[] L ] . L] L ] L] e - L ]
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\ General Conolusions

The effect of heat treatment on the shrinkage stresses in built-up )
barrels has been investigated by means of experiments on test cylinders P
regrescnting a 3 inch 70 calibre gun barrel, Threc different methods of
testing were employed in which measurements were wade bofore and after
heat troatment to deterwmine (i) any loss of elasticity of the cylinder
(i1) any decrease in mean ocircumferential residual stresses and (iii)
any decrease in tangential and radial stresses at selected points.

No loss of elasticity in the cylinder was indicated by a pressure/

‘ expansion curve recorded after the heat treatment at 500°C. There was

i however permanent contraction of 0.001 inch at the bore and 0.,0006 inch
at the ;jacketoexterior, measured in the grooved portion of the cylinder
after the 500°C trcatment, bgt no morc than 0,0001 inch contraction at the
borc after the 4L00°C and 450°C treatmsnts. Also permanent expansion of
the bore was nil (or negative) in response to the application of 31.5 tons
Per sq. inch internal pressure after hcat treatments at 400°% and 450°C
but it was about 0.00035 inch following a similar pressure applied after
the 500°C treatment,

In two cylinders with channelled walls the initial mean liner
circumferential stresses were 10.4 and 9.1 tons per sq. inch. These
stresses sustained no appreciable decrease with treatments at 400°% and
450°C but decreases of 13 and 14 per cent respectively followed treatment
at 500°C. In a more highly stressed cylinder, built-up of plain tubes,
the initial mean liner stress of 12.7 tons per sq. inch decreased by 136 ’
17 and 30 per cent respectively with treatments at 400%C, 450°C and 500°C. .

T

The stress values determined by X-rays, representing the sum of
tangential and radial stresses in the liner, showed a similar stability
with treatments at 400°C and 450°C. There wes a decrease of stress with
treatient at 500°C varying from 15 to 30 per cent in the three cylinders
tested. This increased to 4O per cent with treatment at 600°C.

T
AT A g

Thus the relative effects of different trectment temperaturcs within
the renge 4009C to 500°C were confirmed by agrcement betwcen the different
nethods of tcst in so far es the results could be compareds The behaviour
of the cylinders shovwed that the stress rcloxation could be rclated to
i creep properties.s It was thereforc probable that with any given tcemper-
ature of treatment the maximum stress would deerease, given sufficient
time, to the limiting creep stress for that temperature, This limit
appeared to be no lower than about 10 tons per sq. inch at LO0%C, but
. below 8 tons per sq. inch at 500°C. These .results were not in conflist
é with the recorded results of creep tests on steels with similar

molybdenum content. .

1464/53
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 APPENDIX 2
MEASURING Posmoﬂg AS SHOWN ON FIGL

g
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$tress equiveient to total hoop strain, tons per inch

CYLINDER NO | (GROOVED JACKET)
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RESIDUAL STRESSES BEFORE AND AFTER HEAT TREATMENT.

{
—&  Before heat treatment (average ot & tests)
%  After heat treatment at 400°C (average of 2t¢ﬂ.ﬂ
©——O  After heot *.catment gt 450 °C (average of 2 tests)
s 4+——+  After heat _treatment at  SOO°C (average of 2tests)
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~o———o— Before heat treatment (avcrogc of 6 tcsts)

S¢——3— After heat treatment at 400° C (cmmgc of 2 tcsu.)

-0——©6— After heat treatment ot  450° C ((averoge of 2 tests)

o

Stress equivoient to total hoop strain, tons per. sq. inch.

Before heat o After heat treotment at 500° C (omgc of 2 'uul.)
\ treatment.
\\ / == == === Theoretical stresses with shrinkage ot w
0-006 inch (A), O-005inch (B), and 0-004 inch (C)
) "oo°_
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Stress equivalent to total hoop strain, tons per sq. inch.

CYLINDER Ne 3 (GROOVED LINER)
RESIDUAL STRESSES BEFORE AND AFTER HEAT TREATMENT.
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———— Before hect treatment (average of 6 tests)
~»——x After heat treatment at 400" C.(average of 2tests)
—O——0 After heat treatment at 450" C. (average of 2tests)
—h——+ After heat treatment at SOC' C.(average of 2 tests)
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stress, tons per 3q. inch.
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CYLINDER N° 2 (PLAN TUBES)

0 m,m%m%mw%%_‘_ =
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the eil'lect of Heut Treatmeat on Shrinkege Stress in Bullt-up
Gun Barrels

oy
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The experiuents described werc the result of colleboration between the
sruwasent Design and the Armament Rescarch Establishawoents. The work was
d:vided into three perts vhich related to altcrnative methods of detzruining
the eff'acts or heat treatwent on shrinkage stresses in built-u> gun berrels.

Cart I, contributed by a4.D-B. D.10 Group, described full scale cxperi-
zents using hydraulic pressure to detcimine elasticity and permanent set in
& >-inch barrel

Jzrt 11, contributed by 4.R.E. 8.M.R., described a method of measurement
of circumferential stress by the dissection from the barrel wall of thin
coaxial rings.

DPart III. contributed by A-R.E./S.P.M., described an X-ray technique for
the measurcricnt of tangential and radial stresscs at any selacted points on
the transverse section of a barrel.

There was a considerable measure of agpreement between the results obtained
by the thrce methods. ieat treatuont at LQUC produccd no appreciable
doluterious aifcet. Fith treatment at 500 C decreascs in ’%ore stress uo to
40 sexr cent were measured. In the full scale taests at 500C there was no
weasurable loss of elasticity but permanent set measurements oonfirmed that
stress relaxation had oocurred.

The obscrved changes in the strcss system appoarcd to be ralated to
creep and thc mcans werc thus previded for cstimating tho typo of bchaviour
to be expccted with heat treatment conditions outside the limits of time and
tcmpuraturc investigated.
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