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TECENICAL NOTE NO. 832

RELIEF OF RESIDU~L STRESS IN STRELMLINE TIE RODS
BY HEAT TREATHENT

By R. E. Pollard and Frod M. Reinhart -

SUMMARY

abrut two—thirds of the residuel stress in eold-worked

SaE 1050 steel tie rods was relieved by heating 30 ninutes
at 600° F, (Cslé~worked austenitic stainless—steel tie rods
c~ruld be heated ot tenperctures up to 1000° P without
lowering the inportant physilcel properties. The corrosisn
resistance, in laboretzry corrosion tests, of straight 18:8
and titaniun—~treated 18:8 rmaterials appeared to be inmpaired

after heating at teuperatures above 800° or 900° F, Colun—=

biun—-treated and nolybdenun~treated 18:8 steel exhibited
inproved stability over & wide range of temperatures, Tie
rods of either naterizl could be heated 30 minutes with
safety at any teunpsrature up to_1000° F, At this ‘tenpera—
ture most of the residual stress would be relileved.

INTRODUCTION

2 high percentage of the streanline tie rod failures
exomined a2t the National Bureau of Standards have been
attributed to torsional fatigue due to synchronous vibra-
tlons. One characteristic feature of such failures, in
the streanline portion of the tie rod, 1is that fracture
inveriably starts at or near the intersection of the ninor
axis with the surface. 4 typical fracture of this kind
in an 18:8 corrosion—-resistant steel tie rod is shown in
figure 1.

The reduction to stresanmline section is usually per—
forned by roliing or drawing. In mnost tie rods the high
physical properties regquired are produced by coléd—-working
during these operations., Such tle rods naturally contain
very high residual (internal) stresses. Residual stresses
nay be dangerous in highly stressed nembers, such as tie
ro¢s, particularly when the distribution of stress is such
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that it acts in the same direction as the suverinposed
service stress.

In nost tie rols, the residual stress is so digtrid-
utec¢ that the highest tensional stress occurs at the in-—
tersection of the uinor axis with the streanline surface,
winich is the point at which the fractures start. It 1s
probable, therefore, that high residual gtresses are ii-
portant contributory causes of failure in these tie rods.

In the attenpt to reduce the nuwuber of failureg of
this type, an investigation was undertaken at the request
of the Bureau of hAeronautics, Navy Departuent, to deter-—
nine whether or not the residual stress cdould be substan—
tilally relleved by a relatively low—temperature heat '

treatuent without naterially affecting the nhyslcal pProp~ “

erties of the naterial.

‘A TER IALS

Streanline tie rods of the naterials shown in table
1l were incluéed in the investigation.
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TABLE l.- MATERIATS USED IN INVESTIGATION

Chemical composition (percent)

Material Stee TG Cr | NL | Ti | Cb | Mo |Ou| AL

A (SAE 1050 steel) |3/8-24|P0.45-0.50 —
S —— a/g-24| 5. 500 - - -
C (18:8 stainless) |3/8-2l| Peeeeeeo 18 g oo oo e o e
g ~do- 7L L — 18 |8
B - do-- 1/2-20 0.12 19.1 | 9.0
7 do-- 10-32 | Pemeee 18 |8
¢ (18:8 + titenium) | 10-32 | Pommemee- 18 g§ |o.4
H —-do 1/2-20 .05 18.5 | 8.7 | .37
I do 5/8-18 AL 18 '8 L |
J (18:8 +columbium) | 10+32 | Poeoemel 18 g |-=—|0.75
K do-- 1/2-20} - .09 ° 17.8 -é.7. ——— S TT
L do .5/8-18 .b-—-a—;-- 18 ‘8 —-——| .75
M (18:8 + molypdenum).E/S—lg ‘6.05-0.07 17.44{10.21 | e |~ 12,96
N (18:2 stainless) 10232 | Poceeeee 18- 2
0 dc. 1/2-20_i 0.10 | (17.3 | 2.17

------- R .5/8-18 (R 18 2
Q (16:1 stainless) 1032 | Dommeeeee 16 1 e

#qo-- 1/2-20 11 15.5 i.65-

5 do-- 5/8=18 |- Peee e 6, |1 ||
T (K-monel) 10-32 ° é---f---- - |66 |—m—m| == === 29| 2.75
U s 1/2-20 | Cmic e e |66 29|2.75
v do—m 5/g-18 | © 66 2912.75

MSizes given in Navy specification 49m9a refer

bNominal composition.

to threaded ends.
Chypical analysis of a K-monel alloy.
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SCOPE

The scope of the inveetigation may beé outlined as
follows:

Measurement of residual. stress
Relief of residual stress by heat treatment

The effect of heat treatient on the corrosion resist—
: ance of the naterials

The efféct'of heat treatnent on the microstructuré
of the nateriasls. :

MEASURBLENT OF RESIDUsL STRESS

The elliptical shape of the streanline tie rods
would not permit the use of the most precise method of
residual stress determination originated by Howard (ref-
erence 1) and Heyn (reference 2), developed and nodified
by llerica and Woodward (reference 3) and Sachs (4), and
used by Green (reference 5) to estimate the residual
stress in gquenched steel c¢ylinders and by Kempf and Van
Horn (reference 6) to investigate the relief of residual
gtress. .in aluninum alloys. The split-ring method used
by Hatfield and Thirkell (reference 7) or the slit—tube
msethod of Crampton (reference 8) were, of course, not
applicable to solid elliptically shaped ftie rods. How—
ever, the wmethod used was sonewhat similar ta that of
Cramnpton in that stress was wvartially relieved on one side
of & plane of symuetry and the resultant distortion of
the remaining naterial was nmeasured.

The residual stress distribution 1n the tie rods as
rocelved wag deterumined by measurenents on the major and
Binor axes of the streamline crrss section. Stress dis-—
tribution about an axis parallel to the ninor axis was
determined by measuring the change in width after var—
tially splitting the tie rod longituélnally by a saw cutb.
The cut ends of cold—worked tie—rod specimens approached
esach other, tending to close the saw cut. This indicated
initial tension along the longitudinal »lane of the minor
axls and compression at the ends of the major axis. The
partlal residual stress along the longitudinal plane of
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the minor axis (one—half width of saw cut from center of
the major axis) was calculated, as follows:

The deflection caused by partially splitting a sec—
tion by & saw cut was measured by the change in width at

the cut. The radius of curvature was calculated by the
formula

where R radius of curvature, inches
L 1lsngth of saw cut, inches
d deflection (one-half the change in width)

The partlal residual stress was then calculated by CT
the formula

el
Q
~

R

where S; partial residual stress near the center of the
: ma jor axis, vpounds vper square inch

= modulus of elasticity (3 X 107 1b/sq. in.)

'Cl " distance fron saw cut to neutral axis of seg—
ment — 0.42 tlnes width of segment

Stress distribution about an axis parallel to the
aajor axis was determined by measuring the deflection
after machining specimens on one side to approximately
half their original thickness. Partial relief of residual
stress due to machining caused the specimens to becomns
convex on the machined side. This indicated that the
residual stress was compressive. at the najor axis and was
tensile at the, end of the minor axis. The partial resid-—
ual stress at the end of the ninor axis was measured as
f9llows:

The amount of deflection at the ené of the minor
axis was measured with a microneter depth gage having a
length (chord) of 4 inches. The radius of curvature was
caleculatedéd by the formula o : - ' . L
R = I L N . . .

H

i}
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where L one-half gage length, inches
d deflectlon, inches

The partial residual strese was then calculated by
the foraula
EC,
Sy = ——
R
where S; partial residual stress at the end of the minor
axis, pounds per square inch :

Gg'-distance from end of minor &sxis to neutral
axig - 0.58 thickness of specinen after
machining, inches

A4 mean value of residual stress at the ends of the
minor axils, therefore, would be the sum of the two partial
residual stresses — the partlal stress about an axis
parallel to the minor axis S, and the partial stress
at the send of the minor axis Sz -about an axis parallel’
with the major -axis. In most tle rods both stresses wers
tensile and in some of them the total residual stress was
very .high, © The deformation .caused by partial relief of
high residual stresses in s one of the tie—rod specimens
is shown in figure 2.

Examples of the partial residual-stress measurements
nade’ for SiAX 1050 stesl tie—rod specimensﬁ(hateriah 4 and
B) as Teceived are given in tables 2 and 3.° Table 4 gives
the approximate residual stress (the sum of the two par-—
tial residual stresses) at .the end of the minor axis, - -
obtalned by similar umeasurensents on all materials included
in the imnvesgtigation. .

In the calculatibn“of-the partial resldual stresses,
it was assumed that the stress distribution in the mlane
under conslderation was linear, This assunntion 4dnvolved
some error, as the actual gstregs distribution prodbably was
not linear. ZFor this reason the calculated -average par—
tial stress. in the plane of the minor axis probadbly is too
high, and the calculated partial stress at the end of the
minor axis probably too low. The sum- of these partial
stresses, however, 1s believed to be a fair index of the
actual residual stress at the end of the minor axis.

It is estimated that the exwerimental error involved
in the measurements used in calculating the residual stress
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1s less than & percent. In this comnection, 1t will be
noted iIn table 2 that aotnal measurernents taken at various
lengths of cut on specimens- of A and B materials gave

(except for the first readings on’ each) values fTor radius
of curvature well within the calculated error.

With all of the materials except 18:2, 16 1 and
E—monel, severe cold—working during fabrication was relied
upon to produce the high physical properties reguired in
tie rods., It is understood: that these materials also
recelved some cold—working during fabrication dut were-
heat~treated afterward to obtain the reguired physical:
properties. It is evident from the measurements made on
these specimens that the residual stress distridbution”
resulting from heat treatment is Just the opposite of.
that obtained from cold—working. Thus, in all the 18:2
end 16:1 tie rods and in the smallest:.slize K—monel tie
rods the stress about a plane parallel to the minmor . axis
was found to be compressive instead of. tengile, .In the’
two. larger K—monel %tie rods the stress was tensile but
was very small compmared to the values. obtained with ]
materials not heat—treated after fabrication. 'No attempt
was..made to relieve the relatively small amount of re~
sidual stress in these tie rods by further heat treatment.

REEIEF OF RESIDUAL STRESS BY HEAT TREATHENT

.. It was assumed .that, in heating, the residual stress
would be relieved equally in all directlons. The partial
and mean residuwal stresses would, .then, remain in the same
ratio throughout the heat treatment.; In the tests out—
lined below, the partial residual stress was deétermined
by splitting the ends of specimens with a saw cut. The
residual stress was then calculated by dividing by the
ratio of partial to mean residual stress displayed by
each material in the "as. received” condition, - This ratio
is given in the lest column of table 4. ’ '

Snecimens of SAE 1050 steel tie—rod materials A and
B were 'heated for wneriods of 30 minutes and of 2 hours
at temperatuvres between 200° and 900° F. Residual stress
measurements for material 4 are given in table 5. These,
together with tensile strength, permanent set, and elonga~"
tion in 2 inches, obtained on specimens heated 30 minutfes
at the same temperzatures, are shown diggrammatically in
‘figure 3. HRelief of residual stress apparently started
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almost immediately on heating. The stress fell off
abruptly above 200° F, and at 600° F about two—thirde
of the stress had been relieved. Heating for a longer’
-period (2 hr) relieved the stress more effectively,
especially at the higher temreratures, but could be ex—
Pected to have a proportional effect on the tensile
nroverties., ' '

The effect of heat treatment (30~min period) on the
Physical properties of the SAE 1050 steel tle—rod speci-
mens was to cause a marked increase in tensile—strength
and permanent-—set values up to 4009 F and rapld decrease
at temperatureés above 5000 F (fig. 3). Because of the
initial increase these properties -4did not fall below the
original values under 600° F, at which temperature most
of the residual stress had been relieved.

Examples of residual-stress measurenents made on
18:8 corresion-resistant tie—rod specinens are given in
table 6. Curves illustrating the effect of-heat treat—
ment. on various sizes of tle rods of this material are
shown in figure 4, Curves of the same general character
were obtained for like sizes of 18:8 materials contain—
ing alloy additions of titanium, columbium, and molyb-—
denum. In general, heatingz at temperatures up to 700° F
avpeared to have little effect on relief of sitress, Stress
relief was most rapid at temveratures between 800° and
1000° F. At 10000 P most of the residual stress had been
relieved.

It was .noted that tie rods of different size wvaried
consliderably in regard to uniformity of residual stress
in the "as received" .condition. In tie rods of interme-—
diate size (1/2-20) the initial.stress was much more uni-—
form than in the larger (5/8=18) or smaller (10-32) sizes.

Much of the "scatter" obtained in residual-stress
‘measurenents made with svecimens heated at. low tempera—
tures was probably due to nonuniform initial stress,

With size 1/2-20 specimens the scatter was largely elimi-
nated at higher temperatures. The curves showing the
heating characteristics of the larger or the smaller sigze
tie rods were smdothed out, to some extent, by plotting

the highest values obtained at any given temperature for
the three heating periods used, This, iIn effect, increased
the number of gpecimens in the low—tenperature range.

'Increasing"the time of heating increased the amount
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of stress relief at higher temperatures (800° to 10000 F)
but apparently had little effect at temperatures below
7000 F (flg. 5){ .

The effect of heat treatment on the tensile proper—
ties of specimens of 18:8 (C) material was. founl to Tve
quite similar to that on columbium—treated (K) material
(figs. 6 and 7). Both materials showed a slow and com—
warstively small increase in strength w1th heating tem—
erature to a maximum at BOO® to 900° P, Above these
temueratures the rate of decrease was slow, so that the
tensile strength, yield gstrength, and permanent set were
maintained over a considerable range of temperature at
values in excess of T he origlnal

With the fitanium—treated material (H), the increase
in strength with heating was much greater and occurred
over a smallerx range ¥ temberature (fig. 8)., At temper—
atures above 9000 F the rate of decrease was rapid, dbut,
Yecause of the high maximum value attained, the strength
at 1000° F was still in excess of the origlnal

‘With all three materials, heat treatment lowered the
elongation values in tne temperature range of maximum
tensile strength. With the titanium—treated material es -
pectally, the elongation at intermediats temperatures was
comparatively low. Howéver, . as most of the fractures
occurred at or "near the edge of grips,, the elongation -
measurements must be regarded as representlng mininum
values. Moreover, in the temperature range of most inter-
est to the investigation (above 900° .F), all .three mate—
rials showed "increasing elongation values. ‘At 1000° F,

the elongation values were in all cases equal %o or greater

than the originel.

The values of "yield strength" (offset — 0,2 percent)
shown in the figures were determined from the stress—
strain curves. It is deflned as tha’t stress at- which the
stress—strain curve is intersected by a line which inter—
cepts the abscissa at O. 002 inch per ‘inch strain and is
parallel: to the sloge of the stress-strain surve: at the
origin. _ - i - I

The permanent set was’ determined by measuring the
difference in strain at a small initial load after loading
and unloading to successively higher lpads until sets of .
about 0,0002 1nch per inch were. noted. . These data were
referred to zero siress by plotting to a large scale and
drawing a smooth curve through the observed points.
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Tensile tests on heat-treated specimens of materials
5 anéd M were not made. Vickers indentation tests, how—
ever, were made on specimens of these materials after heat-—
ing 30 minutes at temperatures ranging from 3009 to 1800°
F. The Brinell numbers of these specimens are shown dia—
grammatically in filgures 9 and 10, These curves dlsplay
variations of indentation numbers with temperature simi-
lar to those exhibited by the tensile strength curves ob-
tailned for like materials., It is probable that yield
strength, permanent set, and elongation values would also
display similar variations with temperature.

The tensile properties of material M as received are
glven in table 7.- This table also contalns the tensile
properties of specimens of size 5/8-18 tie rods of 18:2,
16:1, and K—uaonel (P, S, and V) materials as received.

Svecimens of materiagls E, H, K, and M wers tested,
full size, in the Izod machine after heating 30 minutes
at temperatures ranging from 300° to 1400° F, All speci-
mens of E, K, and M materials merely bent over without
breaking. Complete breaks were obtained only on specimens
of H material heated at 800°, 900°, and 10006%° P. BEven in
these cases the specimens bent -considerably before frac~—
ture. The tup dragged along the specimen and the values
of energy consumption, therefore, had no significance.
The tests indicated, however, that heating for 30 minutes
at temperatures up .to 1400° F did not produce extreme
brittleness in any of these materials.

RFFECT OF HEAT TREATHENT ON THE CORROSION RESISTANCE

OF THE MATERIALS

The residual stress measurements and tensile tests
indicated that most of the residual stress could be re—
lLieved by heat treatment without seriously lowering the
original mechanical properties of the materials. With
the stainless steel tie rods, howsver, stress relief was
found to be most effective at heating temperatures which
might be detrimental to the corrosion resistance. It
was thougkt aivisable, therefore, tc make a nuimber of
laboratory corrosion tests on these materials. Partlicu-—
lar attention was paid to the stainless steels contaln-—
ing additions of titanium, columbium, and molybdenum to
determine whéther or not. the stabilizing effects of these

-
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elements would permit heating at higher temperatures with—
out impairing the corrosion resistance of the materials.

The effects of heat treatment on the corrosion re-
sistance of materials B, H, K, and U were compared by
subjecting heat—treated sp901mens to the following lab-—
oratory corrosion tests:!

(a) Salt—spray test
(b) Boiling—-nitric—acid test

(¢) Boiling—~copper—sulphate sulphuric—acid test

() Salt—Spray Test

Six—inch specimens of the stainless—steel tie—rod
materials (E, H, ¥, and M) were heated 30 minutes at tem—
peratures ranging from 300° to 14C0° F. Ons end of .each
specimen was then rounded off and the speciwens were pol-—
ished on abrasive papers finishing with 400 aloxite.
_After passivation in 20-percent nitric acid at 1459 F
they were exposed in a vertical position to the =pray of
a 20-percent soclution of sodium chloride. The test was
continued for about 120Q hours (1000 hr for material M)
with daily inspection of the specimens. The appsarance
of the four sets of specimens after testlng is shown in
figures 11,12, 13, and 14, : S

4t the end of 1200 hours, spec1mens of E (18:8) ma—
terial heated at temperatures below 1000° P showed only
superficial staining with no evidence of progressive CoOr—
rosive attack (fig. 11). ' The superficial stains, wken
present, were usually traceable to a slight attack at the
ends. Specimens heated at 1000° and 1100° ¥ deve’opud '
rust stains within 24 hours. The corrosive attack then
progressed steadily throughout the test. After 1200
hours, the specimens showed a ccnsiderable amount of pit—
ting both at the ends and along the sides, The specimen
heated at 1200° F showed only slight pitting after 1200
hours while the specimen heated at 1400° F was not at—
tacked.

Specimens of titanium—treated material (H) heated
at temperatures below 800o P showed only superficial
stains after 1200 hours in the spray (fig. 12). The.
specimen heated at 8000 ¥ was considerably stained, but
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-showed only slight pitting at the rounded end. Specimens
heated at 900° and ‘11000 F showed some etched and pitted
areas along the sides as well as at the ends. The speci-
men heated at 1000° F showed no evidence of corrosion.

The corrosive attack on speclmens heated at 12000 and .1400°
F was very slight.

Specimens of columbium—treated (X) material heat—
trented at different temperctures showed no marked dif-
ferences in resistance to corrosion by the salt spray
(fig. 13). All of them exhibited only superficial stains
traceable to slight pitting attacks at the ends of the
specimens, On removal of the stain, no evidence of attack
was found in other areas.

At the end of 1000 hours'! exposure, heat-—-treated
specimens of molybdenum—treated material (}) showed no
appreciable staining and no evidence of progressive cor-—
rosive attack (fig, 14). The specimen exposed as received
and that heated at 1000° F showed - slight staining at the:
end of 24 and 48 hours, respectively, However, this in-
itial staining seemed to be arrested at this point, and '
no evidence of increased corrosive attack was noted dur—
ing thes test.

It 1s probable that all heat-—treated snecimens of the
four materials would comply acceptably with any of the
usual salt—svray—test reguirements except those of B mate—
rial heated at 1000° and 1100° F and those of H material
heated at 9000 angd 1100° F, On the basis of resistance
to corrosion by the salt spray the four materials, as re—
ceived or heated at temperatures below about 900° F, would
be rated in the order E-H-H-K. &after heating to higher
temperatures {(above 900° P), the rating would be in the
order K-—Ii-H-E, )

Specimens of tie rods of 18:2, 16:1, and K—monel
(0, U, and R) after 300 hours' exposure, in the Y"as re-—
ceived" condition, to the salt—spray test are shown in
figure 15. The corrosive attack on these materials in the
gsalt spray was much more severe than with the plain or
stabilized 18:8 materials previously discussed. After 300
hours, there were corrosion pits on all three specimens,
the most severe being on the 16:1 material. The three
materials would probably stand in the following . order with
respect to resistance to corrosion in the salt spray:
18:2 (0), XK—monel (U), and 16:1 (R).
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(v) Bdiling—ﬂitrichci¢ Test

Specimens (approximately 1. in - in length) of the
three tis—~rod materisals . B, 'H, and XK were heafed at tem—:
peratures ranging from 2000 te.1500° F for periods of 30
" minutes and 1 hour. Similar specimens.of M material
vere heated 30 minutes at temperatures up to 1900° F.
Specimens of B material were also heated a2t temperatures
raiging from 700° fto 1000°-F for periods of 5, 10, and
24 hodurs. The specimens were -ground on emery paper to
remove any scale formed during heat treatment. They
were then cleaned and weighed prior to immersion for 3
consecutive 48-hour periods in boiling &65-~percent nitric
acid under a reflux condenser. The spetimens were )
weighed at the end of sach 48-hour periocd. An example of
the welght loss of:18: 8. tle—rod gspecimens, materiel E
(-esting period 30 mlnutes) for each 48—hour period, is
glven in table 8. These .results and those obtained on
other materials are plotted in figures 6 to 10 and 16 %o
18 as the gorrosion loss — defined as the loss 1n orig—
inal weight, in percent, in 144 hours.

For the 80—m1nute heating period, the corrosion loss
of the straight 18:8 tie—rod material (&) in boiling
nitric acid remained constant up to 900° F (fig. 16).
Above this temperature, the corrosion loss increased
abruptly between 900° gnd 1100° F, decreased rapidly bve~—
tween 1100° and 1300° F, and again increased between’
13009 anda 1500° F, Simllar abrupt variations in corro-
sion loss were noted with specimens of titanium—treated
material (H). These variations were less marked, how-—
ever, and occurred at slightly lower temperatures (fig.
17)., With the columbium=treated material (XK), the
ckanges in corrosion loss at higher temperatures were
comparatively 'small and showed no abrupt variations (fig,
18). : The chief effect of increasing the time of heating,
a8 ghown by the nitric acid test results, was to cause .
decreased corrosion resistance at progressively lower
temperatures. With the molybdenum—treated material, the
only abrupt variation in corrosion loss, occurred at
temperatures between 1100° and 13009 F (flg. 10).

. The - nitrlc—acld—test results agresed in gemnersal with
those of the salt—spray- test. Both tests indicated a
high degree of stability for the columbium—treated mate—
rial at the higher temperatures, and for the molybdenum—
treated material at all temperaturesranges except between
110Q0° and 1300° F., The other two materials showed com—
veratively wide variations in corrosion resistance after
heating in the temperature range 900° to 1500° F,
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Similar variations in corrosion loss in boiling nitric
acid were noted in annealed specimens of E material (18:8)
(quenched from 2100° F prior to reheating). The results
of this test are-shown in figure 16 for comparison with
those obtained on the cold—worked material., It wlll be
noted that the variations were less pronounced and occurred
at higher temperatures.

The losses in weight in boiling nitric acid of 18;2
and 16:1 tie-rod specimens azs received are given in table
9. : !

"(c) Boiling=Copper—Sulphate Sulphuric—Acid Test

_ Spécimens -of tie-rod materials E, H, and K (size 1/2~
20) 'and material M (size 5/8-~18) were heated 30 minutes
prior to 'testing 100 hours in a boiling~copper—sulphate
sulphuric—acid solution containing 13 g CuSo,-5HZ;0 and 47
ml conc., ‘Hy80, per liter. The loss in weight and the
change in electrical resistance of the specimens were
measured. These data for the E material are recorded in
table 10, A significant change in electrical resistance
was shown only by the specimen heated at 11000 F. This
specimen galso suffered z very high weight.loss. The
specimens heated at 1000° gnd 1200° F also showed sub—
stantial weight losses but no significatit changes in re—
sistance. Hicroscopic examination later showed that all
three specimens had been subject to a considerable amount
of intergrandlar pvenetration. Pigure 19 shows an example
of the type of attack found on the specimen heated at
1100° -7, . ) . .

With the titanium—treated (H), the columbium—treated
{X), and the molybdenumstreated (M) msterials, the results
‘of the CuS04—H;80, test were entirely negative. The
specimens showed no significant changes 1in electrical re-—~
sistance and only very small weight losses, which were
practically constant, for all temperaturss up to 19000 F,

Specimens of 18:2 and 16:1 materials were severely
attacked after 100 hours in the boiling—copper-sulphate
sulphuric—acid solution. The weight losses for both mate—
rials varied from 30 to 100 percent. These results fur-
nished no information eéxcept that the materials were solu-
ble in the acid solution used.
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THE EFFECT OF HEAT TREATHENT ON THE MICROSTRUCTURE

OF THE MATERIALS

The microstructure representative of the SAE,loso

steel tle—rod materials is shown in figure 20 A. On heat-—

ing for a 30-minute period specimens of thig material

-showed no appreciable change in structure below 1000° F,

a2t which temperature the first definite evidence of, re-

crystallization appeared (fig. 20 B).

The microstructures of E material (18-8) heated 30

‘minutes in the temperature range 900° to 1500° F are shown

in figures 21 and 22. The spetimens were given a, light
electrolytic etech in lO0-percent oxalic acid to'show.car-—
bide precipitation. r No.significant changes in structure
were noted in specimens heated at temperatures up to and
including 900° F,' 4%t 1000° ¥, however, the material
showed a considerable amount of carbide precipitation on
the grain boundaries and slip planes (fig. 21 B). . At
temperatures above 1l200° F precipitation of carbides on:
the slip planes appeared to diminish. This was probadbly
due to the beginning of recrystallization. In the speci-
men heated at 1300° P recrystallizaetion was well advanced,

- - e e . -l ——

The veriations in corrosion resistance previously
noted in .specimens of. B material. heated at. temperatures
in the rangs 900° to0:1500° F may be.due, in part.at least,
to the structural: .changes - which - ocenr at these -tempera—
‘tures, Thus,.the sudden decrease in corrosion resistance

“at.-about 1000°% F can he associated with the, preciplitation

-of "chromium carbide which caused the materidl surrounding
the carbide particles o become deficient in chromium,:

At tempesratures below the recrystallization range. the pre—-
cipitation was confined to the slip planes and grain
boundaries of wrelaktively 'large gralns elongated by ceold
work, The corrosive attack ‘in specimens heated in this
temperature range was severe, particularly at the ends
where the grain boundaries and slip planes were most ex—
-posed. Examples .0f the type .of corrosive attack in boil-
ing nitric acid found at the ends 0of heat—-treated specil-
mens of materials E, HE, K, and ‘M are shown in figure 23.
Pigure 23 {B shows an exampls of corrosive attack on the
side of a heat—-treated specimen. . The first effect of re—
crystallization apparently was to cause & temporary in—
crease in corrosion resistance by the formation of a .
large number of wery .small grains, which thus broke up the
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paths by which the corrosive attack could penetrate into
the metal, This probably is associated with the temporary
improvement noted in the corrosion resistance of specimens
heated 30 minutes at 12000 and 1400° P in the salt-—spray
test (fig. 11) and in the boiling—nitric—acid test (fig.
16). At higher temperatures (up to 1500° F) this effect
was probably diminisheéd by grain growth. At still higher
temperatures, the corroslon resistance uwndoudtedly would
again Increase as & result of the solution of the carblide
Particles and ‘the diffusion of chromium.

The variations observed in the curve (fig. 16) show—
ing the corrosion loss in nitric acid of annealed speci-~
meng of E material may be explained in a somewhat similar
manner. Microscopic examinatlon of these specimens
.showed (fig. 24) that the carbide precipitation, which
began &t 1100° F, was at first entiraely confined to the
grain boundaries. 4t 14000 P, however, .precipitation
began to appear also on the twinning planes (fig. 24 &).
This, in effect, was equivalent to a sudden substantial
decrease in grain size gand resulted in a temporary in-
provement 1In corrosion resistance. -

The effect of titanium, columbium, or molybdenum
additions to stralght 18:8 stsinless steel in increasing
1ts corroslon resistance at high temperatures usaally is
attributed, in large measure, to the affinity of these
elements for carbon.  (See references 9, 10, 11, 12, and
13.,) Heating of material containing these elements in
sufficient gquantities.causes precipitation of tltaniun,
columbium, or molybdenum carbldes in preference tg chro-—
mium carbide. The material surrounding carbide particles
1s therefore not impoverished in chromium and its corro-—
slon resistance is .therefore not lowered. Moreover, wilith
these added elements, the cardbides are, in general, nmore
widely distridbuted. It is probadble that the grain refine-—
ment resulting from the addition of titanium, columbiun,
or molybdenum also increases the corrosion resistance of
the stabilized materials.

The titanium—treated (H) material, as shown in fig—
ures 25 and 26, contained a considerable amoun? of delta
ferrite which, except for precipitation, remained un—
changed throughout the heat treatment (up to 1500° F).

The materisl in the cold-worked state was quite magnetic
and apparently contained an appreciable amount of ferrite
produced by cold—working. Precipitation, probadbly of
titanium carbide, began at about 800° F, Betwsen 1100°
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and 12009 ¥ another type of precipltation appeared The
second precipitate apparently occurred’ in segregated
areas, producing a banded structure, The banding is be-—
lieved to be due largely to chromium—carbide precipitation
in segregated areas containing relatively high carbon or
little titanium, ' The segregated bands of heavy precipi-—
tation appeared to be areas of 1ower corrosion’ reslstance
(fig.. 23 B), : _ _

. The columbium~treated (K) material also displayed
a considerable amount of segregation (figs. 27 and 28).
In this material, however, the precipitation in the seg-—
regated areas was not so heavy. At lower températures ’
(800° to 1100° F) the material contained a widely dis—
trivbuted precipitate which 1s believed to be columbium
carbide, No delta ferrite was noted in the material.
However, in the cold—worked state, the material was €ome-—
what magnetic and avparently contalned s ome ferrite pro—
duced by cold-working. e _ o e

No significant'changes in structure were noted in
specimens of molybdenum—treated material (M) -heatéd ak
temperatures up to and including 11000 F (figs., 29 and
30). -Heavy carbidse precipltation appeared at 124900 F i
(ng. 29 D).. At higher temperatures the carbides became
somewhat 1arger, but decresdsed gradually in numlsr and .
disappeared entirely at 18000-F; at which temperature .
recrystallization was practlcally comnlebe." The molyb~
denum-treated material contained strlngers or ehains of
delta ferrite which, -except for carbide nreclpitation,
remained unchanged throughout the heat treatment. “In
boiling nitric acid, .corrosive attack’at the ends of
specimens of this material was particularly severe along
these stringers or chains (fig. 23 D).

The microstructures of 18:2, 16:1, and K—monel mate—
rials as received are shown in figures 31 to 33. The
cold—worked structure produced by forming operations had
not been..completely:.eliminated by the heat treatment asp-—
plisd to these materials after fabrication. Much fres
chromium ferrite was found to. be present as strlngers or Tt
chains in materials 18:2 and 16:1, _ L .. .
Transverse eectlons of severely cold—worked tie—rod
materials- were examined for .evidence o0f the grossef bands
often noted durlng metallographic examinations of such
materigls., A typical:X+band structure in an 18:8 tie rod
is shown in figure 34. .S5imilar: X. bands were found.in all
the severely cold—worked materials cxamined (materials 4,
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B, ¢,.D, E. F, G, H, J, K, and M). Well definod X bands
weroe also found in K—monel tie rods (materials U and V),
but none wers detected in 18:2 or 16:1. tie rods (materi-
als 0, P, R, .and S).

I+ is' generally belisved that these bands are zonés
in which . the metal has been more sevorely cold—worked
during fabrication than in zonecs ountside the bands. Evi-
dence basoed on thoe mlcrostructure of sowme of the materials
and on. Vickers indentation tests supports this view,

. The typical microstructure on transvorse ssctlons
within and outside the X bends in a specimen of an 18,8
stainloess steel tie rod are .shown in figures 35 and 36,
Comparison of the size of grains in these micrographs
shows that ‘they are smaller and more uniformly deformed
within the X band than in areas outside. Vickers inden—
tation tests made on a transverse soction of ‘& tie rod
of M material (18:8 Mo) showed that the metal within the
bands was distinctly harder than that outside. The av—
erage value of readings obtained within the. bands was
423 (Va-30Y, Outside the bands the average value was 388,

LAlthough K-monel tie rods also showed X bands, the
Vickers indentation number ‘of metal within the bands was
not appreciably higher than that outside, It is probabhle
that the heat troatment received by this material aftor
fabrication caused the hardness to become morc uniform,
evon though the material was not completely reerystalliized
to .remove 'all evidence of cold work. 1In this connection
it was noted that complete recrystallization during an—
nealing of any of the matsrlals caused disappoarance of
the X bands.

DISCUSSION OF RESULTS

The test results indicated that a large »art of the
residual stress in SAE 1050 steel tie rods could be re-—

lieved by low—tempersture hesat treatment without difficulty,

Heating for 30 minutes at 600° F, for instance, relieved
about two—thirds of the stress in the 3/8-24 size tle rod
without lowering thé important mechanical properties of
the material. Since this type of tie rod depends for pro-—
tection upon a cadmium coating applied after fabrication,
there should be no objection ‘to heat treatment in regard
to effect on corrosion resistance, '

".l

Yy
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The tensile—test results, indicated {that the stalnless
steel tie rods of the. straight is:s8. comp051tion or the
gsane stabilized by tltaniud, eolumbium or Lolybdenum ad~—
ditions could be heatsd ‘30 minutes. at températures up to
1000° F without sceriously. lowering the mechanical proper-—
ties, At this temperature most.of the residual siress
would be relieved. The corrosion resistance in laboratory
corrosion tests of some of these wmaterials, however, ap—

" peared to be inpaired after heating at tenperatures above

800° or 900° F. . L . . e

?he interpretation of laboratory corrosioh—tést re—
sults is difficult because the conditlons of testing
usually have little relation %o actual service coanditions,.

Of the various tests used, the salt—spray test probdb—
ably most nesarly approaches service conditions, particu-
larly if the naterials are to be uscd in a marlne environ—
nment., In this test, however, the corrosive’ attack is oo
.8low and too slight to permit quantitative measurgnents
of corrosion to be made. The interpretation .of results is
therefore a natter of opinion. With the boiling-nitric—
acid test accurate, reproducible, gquantitative reasurcncnts
may be obtained, but the conditions of testing have no
reglation whatever to service conditions. The test is of
sone value, however, in c= mparing the effect of the changes
in structure praduced by heat treatment. The boiling—
copper—sulphate sulphuric—-acid test 1is generally reconsend—
ed to show up susceptibility to intercrystallinoe corrosion;
but with the samples used in the present. investigation,
the test was found to be not very sen31t1ve.

The results of the laboratory corrosion tests indi-—
cated that tie rods of 18:8 corrosion—resistant steel
should not be heated at temperatures above 800° F since
naterial heated above this terperature failed in 2ll threo
corrosion tests. A& 30-ninute heat treatment at 900° F
could be expected %o relieve at least 40 percent of +Hhe
residual stress. This might be of considerable inportance
where tie rods of very high residual stress are concerned.
An actual sorvice test has been made on two 18:8 corrosion—
resistant tie rods heated 30 minutes at 900° F. After 800
hours flying %time in a flying boat, the tie rods showed no
evidence of corrosion and no signsg of fatigue cracks or
cther damnage.

Judging fron the results obtained on the material

supplied for the present investigrtion, one would conclude

that the heat treatment of titaniun—treated tie rods at
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temperatures above 800° F could not be reconmended. Spoc— i
irens of this mnaterial heated at higher tenperatures falled
in tho salt—spray and the boiling—nitric—acid test. The
failure of this naterial nay krave becn d&ue partly to seg-— i
regation, and it 1s possible that a naterial of 2ore uni-

forn structure night prove satisfactory after hoat ‘treat-—

“rent at higher tomperatures. )

The colunbiun—treated naterial satisfactorily with-
stood all three cf~the laberatory corroslon tests after
heat treatment at temnperatures up to and ineluding 1000% F
although this uaterial also exhibited segregation,

The nolybdenun—treated naterial also oxhibited in-
proved stability over a wido range of teiiperature. Tho
corroslon resistance of ‘this naterial was approciably i1z
paired only when hoated at teumperaturcs between 1100° and
1300° P, The tosgts indicate that sither tho colunbiun—
or the nolybdenun-—trocated naterials could be hoated 30
ninutes with safety at any temperature up to 1000° F, At
this tonperature mnost of the residual stress would de
relieved, ’

It has been pointed out proviously that the most
severe corrosive attacks, both in the salt spray and in
the: bolling nitric acid, wore localizod at the eoxposed :
cnds of specinmens, in segregated areas of heavy carbide ¢
preocipitation, along expossed grain boundaries and slip
planes, or along stringers of inclusions, In scrvice nost
of thess arcas would not be exposed, It 1is bolicved,
therefore, that any conclusions érawn frowu the corrosion—
tost results will be in error on the side of safety,

“Jr

CONCLUS IOKS

Heat. troatuent for relief of Tesidual stress in
streanline tieé rods of various conpositions was lnvosti-
gated with regard ftot .

1, The ‘effect of heat treatuent on the reolief of
residual stress

2. The effect of heat treat:icnt 2n the physical
propertics of tkhe umaterials

3. The effect of heat treatient on the corrosion
resistance 7f the matorials -
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4, The oeffoct of heat treatnent on the microstruc—
ture of the materials.,

The results of the investigation -indicated-that adout
two—thirds of the residusl stress in tie rods of SAE 1050
steel could be relieved by heating 30 minutes at 600° F,
This treatuent &id not materially lower the nechanical
properties ‘of -thd taterlal :

Tig rods of sta inless steel of straight 18:8 composi-
tion or af the sane.with additions of: titaniun, coluubiun
or nolybdenuz could be heatcd at teuperatures up to 1000°
F without seriously lowering the mecharnical przperties of
the materials. At this tenperature, nost of the residual
stress woul® be relieved.

Specimens of 18:8 and titaniun—-treated 18:8 materials
exhibited inpaired corrosion resistance in Iaboratory cor—
rosion tests when heated 30 minutes at tenperatures above
900° and :800° F, respesctively. .

Tie rods of colu“blun—treated ané molybdenum—treated
18:8 steel displayed stability over -wider range’s “of temper—
ature, Both naterials could be heated 30 ninutes at ten—
peratures up to and including 1000° F without serious det~
rinent to -the ‘corrosiomr resigtance. At- this tenoerature,
most of the residual stress would be relleved.=' S

Heat—treated %tie rods bf -18:2, -16:1, awrd K-nonel Dna—
terials were found to contain very low residusgl 'stress in
the "as received condtion. Further heat treatuent for
relief of stress would mot be necessary., These naterials
were sonewhat inferior to the awstenitic 'stainless steels
in corrosion resistance in the laboratory corrosion tests
ased ‘in this investlgation. ‘ -

The authors wish to acknowledge their indebtedenss
to Dr., D, J. Hchdan, Jr., who developod the fornulas used
in estinating residual stress, to C. S, Aitchison and
R. W. Mebs, who nade the tensile tests, and %0 HE. L. Logan,
who perforned goie of the work on X bandis.

National Bureau of Standsrds,
Washington, D. C., August 14, 1941,
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TABLE 2.— PARTIAL RESIDUAL STRESS NEAR CENTLR OF MAJOR AXIS OF
SAE 1050 STEEL (MATERIALS A AND B) TIE RODS AS RECEIVED

[Measurements made on specimens split by a saw cut]

Orig-{Width |Change|Length |Width|Radius {Partial residual
inal |after in |of cut) of |of cur-|stress (temsion),
Material |width|split-|{width, 1 sog—~ |vature 5,
ting 2a ment
(in )| (in.) | (in.) [ (in.) [(in.)]| (in.) (1v/sq in.)
( £1]0.551{0.532 |0.019 |1.28 |0.26 | 86.2 38,300
A2f .550| .523 | .027 {1.38 | .26 | 70.5 46,800
43 .550| .523 | 027 |1.37 .26 | 69.5 47,500
(\551] .547 | .00k | .50 .26 | 62.5
SAR
1050 545 | 006 | .64 .26 | 68.3
steel
- 540 | 011 | .87 .26 | 68.8 48,600
A .535 | .016 |1.05 | .26 | 68.9 everage
527 | 024 [1.28 .26 | 68.3
517 | 034 |1.55 .26 | 70.6
\ -
( B1| .5u47! 524 | .02% |1.u8 | .25 | 95.2 - 33,100
B2{ .547| .525 | 022 |1.u5 [ .25 | 95,5 32,900
B3| .546| .524 | .022 |1.L43 .25 | 92,9 33,900
Lsu7l o.eult | L0033 | .51 .25 | 86.7
SAT
10504 542 | 005 | .68 .25 | 92,5
steel ¢ .
.53 .011 {1.00 .25 | 91.0
epl (< Eu,ygc
.530 | 017 {1.24 .25 | 90.5 average
525 | .022 |1.hk2 .25 | 91.7
517 | .030 {1.65 .25 | 90.7
- _

MMeasuremonts were made at various lengths of cut on spocimens AW and BY o
to test the accuracy of method of calculation.
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TABLE 3.~ PARTIAL: RESIDUAL STRESS AT END OF MINOR AXIS OF TIE RODS
AS RECEIVED, OF MATERIALS A AND B

[Measurements made on specimens machined to half of original thickness]

Original |Thickness|Deflection |Radius of |[Partial residual
Material | thickmess| after |in U-inch |curvature|stress (tension),
machining|gage length Sz
(in.) (in.) in. (in.) (1v/sq in.)
SAE A | 0.138 0.071 0.086 23,2 53,300
1050 .
steel B .139 .070 . 088 22.7 53,600

TABLE 5.~ EFFECT OF TEMPERATURE AND PERIOD OF HEATING ON RELIEF OF
BESIDUAL STRESS IN SIZE 3/S-2Y SAE 1050 STEEL TIE-ROD SPECIMENS

[ Material A]

Heating Residual stress after various.heating periods (tension)
temperature (1b/sq in.)
(*F) 30 minutes 2 hours
Partial, S, Residual, S Partial, Sy | Residual, S

As received 45,300 98,700 & 8
200 43,500 94,900 R S—— — L.
300 34,200 74,500 8 &
400 27,000 58,800 28,400 61,900
500 21,900 47,700 . 8
600 17,800 38,800 6,200 13,500
700 6,600 14,400 0 o
800 3,000 6,500 0 0
900 0 0 0 0

aNo measurenents were made.
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TABLE 4.~ RESIDUAL STRESS AT END OF HINOR AXIS OF TIE RODS AS RECEIVED

[+ sign indicates tension; - sign, compression; * , no approciable deflection}

Partlal rosidusal|Partial residual|Rosidual stross,|Ratio,
Haterial stress, S, stress, Sg S=S5, +S; |8/
{:& +15, 300 +53,300 +98,600 0.46
SAE 1050 steel
B +33%,600 +53%,600 +87,200 .39
(¢ +49,100 +79,100 +128,200 .38
D +55,100 +65,000 +120,100 RIT
18:8 steel 4
B +78,000 +75,000 +153%,000 .51
F +47,400 +32,600 +80,000 .59
(& +36,400 +33,200 +69,600 .52
18:8 Ti JH +115, 200 +58,600 +103,800 RN
I +40,600 "+71,200 +111,800 .36
(7 +h2, 200 +42,300 +814,500 .50
18:8 Cb <K +49,900 +71,300 +121,200 15}
T +33,900 +71,000 +104,900 .32
18:8 Mo M +55, 000 +57,500 +112,500 .49
£ ~19,100 %0 19,400
18:2 steel {0 -4, 500 *0 -4,500
P -lf, 900 *Q -},900
(q ~19,%00 0 -19,400
16:1 steel {R ~-8,700 *Q -8,700
S ~7,400 *Q -7,400
(m 3,600 *0 3,600
K-monel LU +7,400 +10,100 +17,500 42
v +10, 800 +12,900 +23,700 6




TABLE 6,- EFFECT OF TEMPERATURE AND FPERIOD OF HEATING ON RELIEF OF RESIDUAL STRESS IN SIZE 1/2-20
18:& STAINLESS-STEEL TIE-ROD SPECILENS

[ Material E ]

Regidual stress after various heating poriods (tension)

(1b/8q in.)

Heating 30 minutes 1 hour 2 hours 5 hours 10 houra 2l hours
temperature
(oF) Par- | Resid-| Par— | Resid-| Par- | Resid~| Par— | Resid-| Par- | Resid~| Par- | Besid-
tial,| ual, S| t1e1,| ual, S| tial,| wel, s{ t1sl,| wal, 5| tied,| uel, S| tial,| wal, S
sl Sl Sl Sl Sl Sl
As received | 78,000(153,000|78,000(153,000(78,000|153,000| 78,000 {153 ,000| 78,000 153,000 | 78,000 (153,000
300 78,900 (155,000(69,200{136,000 64,200 {126 ,000{ * & 8 & & a
a a 8 a
500 68,600 135,000 66,300{130,000{6k,200{126,000 % °
700 65,100 |128,000 {62,300 |122,000| 6k, 300 |126,000|59, 300 1116,000 57,300 |112,000 |57, 200 {112,000
800 52,200 (1LL+,000 {5k, 200 {106,000 55,100 {108,000{49,000 | 96,100 (50,400 | 99,000{L6,600 | 91,000
80 52,100 {102,000 {47,400 | 93,000{15,500| 89,000|37,300] 73,200|31,100] 61,000|30,600 | 60,000
900 45,900] 90,000]39,800| 78,000]36,100! 71,000{26,900] 52,200|17,800} 35,000!10,800 21,000
950 4,500 79,000{33,100| 65,000{2%,100| U7 ,000(® 3 ® ® % 2
1000 31.,100| 61,000124,100| 47,000(15,300| 30,000|% & & 8 & %
a8 8 a a a2 a
1050 17,700{ 35,000{17,800{ 35,000 8,900 17,000
1100 12,300{ 24,000{ 9,200{ 18,000{ 5,500| L11,000{ *cmem - 2 2 e [® 2
' a a a e 2 a
1200 4,700] 9,000 0 0 ol 0
: ; a a a a a a
1400 0 of o 0 0 0 — .

%o measurements were made.
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TABLE 7.~ TINSILE PROPERTIES OF SIZE 5/8-18 TIE-ROD SPECIMENS
UF MATERIATLS M, P, S, AyD V, AS RECEIVED

Ultimate Yield Permenent |Elongation
tensile strength set in (2 in.)
Material | strength {offset = (0.0002 ‘"Location of fracture
- C.2 per- in./in.)
cent)
(1b/sq in.)| (1b/sq in.)|(1b/sq in.)| (percent)
Y 196,100 139,000 145,000 |  —e—meme Outside elongation
18:8 M marks
( ) | 189,100 140,000 145,000 7.0 Free length
P 216,100 168,500 169,000 15.0 Free length
18:2
( ) 211,600 168,000 166,000 17.0 Free length
s 195,000 152,500 169,000 4.5 Free length
(16:1) | 155 500 153,000 159,000 13.0 Free length
v 189,100 175,000 158,000 10.9 Free length
X~
(K-monel) 189,500 175,000 177,000 11.0 Free length

TABLE 9.~ CORROSION RESISTANCE IN BOILING NITRIC ACID (65 PERCENT) OF

13:2 AND 16:1 TIE-ROD SPECI}IENS AS RECEIVED

Weight loss in boiling 6F-percent nitric acid

Material Heating Original | First | Second Third Total loss
temperature | weight ug 48 ug (144 nr.)
: hours hours hours
(°r) (grams) |(gram) | (gram ) | (gram) (grem) {(percent)

N | As received 1.5547(0.0438 | 0.5020 | 0.5070 | 0.1h47 9.31

18:2 0 | —~——d0o———mm 1k.2812| 1798 2377 2746 .6921 L.85
P | —meedOm e 24,1737) .188%.| .2929 | . .3867 .8680 | 3.59
Q| =——~do-——mm 1.6965] .0757 ,0824 .0815 .2396| 14.59
16:1 R| —~—~dOomm— | 1U4.8570] .2131 .2351 .2328 .6810 .58

S | ===—@0=—wm——| 19.0676| .2292 .2628 .2631 .7551 3.96
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TABLE &.- CORROSION RESISTANCE (F HEAT.-THEATED TIE-ROD SPECIMENS
HEATING FERIOD, 30 MINUTES

IN BOILING 65~FPERCENT NITRIC ACID.

[Material E (18:8)]

Loss in weight in boiling 65-percent nitric acid

omporasive| woighe |TLFSt | Seoond | izd | Sotal loss
(°m (grams) I()gf':;% %giﬁ% 1(32:;()1 (gram) | (percent)
As received| 12.8327/0.0111 | 0.0112 | 0.0115 | 0.0338 0.26
200 12.6872] .0105 .0110 0113 .0328 .26
300 12,4127 0104 .0105 L0111 .0320 .26
400 12.7235| .0103 .0106 L0111 .0320 .26
500 13.1296| .0115 .0109 L0116 .0340 .26
600 12,7686 .0115 .0128 .01H0 .0383 .29
700 12.5296| .0103 .0120 L0132 .0355 .28
800 13.3142] 0111 .0128 L0146 .0385 .29
900 13.2415| .0113 .0138 .0153 .O40k .30
1000 13%.0322] .0ug7 .1229 .1353 .3079 2.36
1100 12,6806 ,0819 L17H2 .2170 U731 3.74
1200 12.7521] .0307 .0692 .0906 .1905 1.50
1300 13.0871] .0157 L0331 | = .o7ou .1192 .91
1400 12.3378] .0220 L0743 .0979 .1gu2 1.56
1500 12.90071 .0524 15 1715 . 3654 2.83
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TABLE 10.~ WEIGHT LOSS AND CHANGE IN ELECTRICAL: RESISTANCE QF TIB-.ROD SPECIMENS
TESTED 100 HOURS IN BOILING-COPFPER-SULPHATE SULPHURIC-ACID SCQLUTION
HEATING PERIOD, 30 MINUTES

Material B (1€:8)]

Change
Heating Original Original Weight in
temperature weight resistance loss resistance
(°oF) (grams) (ohm) (grams) ( ohm)
As received 13.6683% 0.000134 0.0012 +0,000001
300 14,1208 .000139 001k —. 000002
100 13.8602 00013} .0013 —. 00000k
500 13.48ug .000132 .001k +.000003
600 13,4794 .000137 .0013 None
700 13.6355 000140 .0012 +.000002
800 1%.3136 000140 .0012 -. 000001
900 13.8518 .000135 .0011 +.000002
1000 13,4651 .000136 JA617 +.0000C6
1100 13.3988 .000133 3.3878 +.000077
1200 13.h827 .000130 .1234 +.000002
1300 13.3236 .000131 .0025 -. 000004
1400 13,5384 .0001L34 .0026 -.000002
1500 13,7345 .000130 .0011 None
1600 134141 .000133 .0010 Nons
1700 13.1360 .0001.35 .0010 ~.000005
1800 13.3608 .000134 .0CL3 ~. 000004
1900 13.5689 .000136 .0021 -. 000002
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Figure 2.~ Distortion in tie-rod specimens
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Figure 7.~ 18-8-0b (Material X) - Effeot of heat treatment on physical
roperties, relief of residual streas and corrosion
resistance in boiling nitric acid, Heating period, 30 minutes.
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Figure 13.- 18-8-Cb (Material K) - Heat~treated specimens after 1200 hours in salt spray
(20 percent). Heating pericd, 30 mimutes., x 7/8
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F ]

3 Ty
18-2 K-Monel

Figure 15.- 18-2, K-Monel and 16-1 tie-rod specimens after 300 hours
exposure to salt spray (20 percent) in the as-received
condition, Materials O, Uand R. x 1
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Figure 19.- 18-8 (Material E) - Type of corrosive attack produced by
100 hours exposure in boiling copper sulphate-sulphuric
acid solution. Heated 30 minutes at 1100°F. Electrolytic etch in 10

percent oxalic acid. x 100
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Figure 20.- 1050 steel (Material B) - A, microstructure, as received;
B, heated 30 minutes at 1000°F, Etched in 1 percent

Nital. x 500
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Figure 21.- 18-8 (Material E) - Microstructure of specimens
heated 30 minutes at: A, 900°F; B, 1000CF;
¢, 1100°F; D, 1200°F . Electrolytic etch in
10 perceant oxalic acid, x 500
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Figure 22.- 18-8 (Materisl E) - Microsiructure of specimens
heated 30 minutes at: A, 1300°F; B, 1400°F;
C, 1500°F; Etched same as fig. 20. x 500
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Pigure 23.- Corrosive attack in boiling nitric acid;

End of 18-8 specimen (Material E), heated 30 minutes at 1000°F. x 100
Bnd of 18=8-Ti specimen (Material H), heated 30 minutes at 1300°F. x 100
End of 18-8-Cb specimen (Material K), heated 30 minutes at 1200°F, x 100
End of 18-8-Mo specimen (Material M), heated 30 minutes at 1100°F. x 107
Side of 18-8 specimen (Material E), heated 30 minutes at 1100°F. x 500
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Figure 24.- 18-8 (Material E) - Microstructure of specimens quenched

from 2100°F prior to reheating 30 minutes at: A, 1000°F;
B, 1100°F; C, 1200°F; D, 1200°F; E, 1400°F; ¥, 1500°F; Electrolytic
etch in 10 percent oxalic acid. x 500
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Figure 25.- 18-8-Ti (Material H) - Microstructure of specimens
heated 30 minutes at: A, 800°F; B, 900°F; ¢, 1000°F;

D, 1100°F; Etched with Vilella's reagent. x 500
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Figure 26.~ 18-8-Ti (Material H) - Microstructure of specimens
heated 30 minutes at; A, 1200°F; B, 1300°F;
c, 1400°%; D, 1500°F., Etched with Vilella's
reagent. x 500
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Figure 27.— 18-8-Cb (Material K) - Microstructure of specimens
heated 30 minutes at; A, 800°F; B, 900°F;
C, 1000°F; D, 1100°F. Etched with Vilelle's reagent. X 500
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Figure 28.- 18-8-Cb (Material K) - Microstructure of specimens
heated 30 minutes at; A, 1200°F; B, 1300 F;
C, 1400°F; D, 1500°F. Etched with Vilella's reagent. x 500
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Figure 29.- 18-8-Mo (Material M) - Microstructure of specimens
heated 30 minutes at; 4, 900°F; B, 1000°F;

¢, 1100°F; D, 1200°F; E, 1300°F. Electrolytic etch in 10 percent

oxalic acid, x 500
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Figure 30.- 18=8-Mo (Material M) - Microstructure of apecimens
heated 30 minutes at; 4, 1400°F; B, 1500°F;

c, 1600°F; D, 1800°F, Electrolytic etch in 10 percent

oxalic acid, x 500
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Figure 31.- 18 Cp - 2 N3 (Material 0) - Microstructure in as-received
condition. Electrolytic etch in 10 percent oxalic acid.
A, x100; B, x 500.

L T R

S ooy S5

[P .

Figure 32.- 16 Cp - 1 Nj (Material R) - Microsvructure in a.s-rece:ived
condition., Electrolytic etch in 10 percent oxalic acid.
A, x 100; B, x 500.

Figure 33.- K-Monel (Material U) -~ Microstructure in as-recelved
condition. Etched with a mixture of acetons, acetic
and nitriec acids. &, x 100; B, x 500.
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Figure 34.~- X-bands in transverse sections of 18-8 tie-rods.
Electrolytic etch in 10 percent oxallc acid. x 2
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Figure 35.- A, Microstructure within X-band,
B, Microstructure outside X-band.
Electrolytic etch in 10 percent oxalic acid., x 100
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