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Background | .
,,_...Ac;@;@?].@rated activity in thé "'fde*é'eiam‘e‘ﬁt of hypersonic airera aft
and spacecraft has created new problems of materials testing., Test-

ing equipment must be capable of simulating higher ¢ m as

-well as severe thermal cyeling superimposed wpon the cyelic applica-
tion of stress. ‘ ;
_ Mnong the materials wider study requiring this testing equip-
ment are the heavy refractory metals such as tungsten and molyb-
' denum, which are capable of operating at very high temperatures

while maintainin

In order to evaluate materials for use in such applications,

- 1t is necessary to develop equipment for high temperature fatigue

testing which is capable of rapid thermal pulsing or cycling, very
high testing temperatures, convenient envirommental control, and the

cyclie application of stresses independent of temperature fluctua-

tions sustained by the test specimen. o S o

The purpose of this investigation was to study the application @ = =

of high frequency induction heating to fatigue testing at elevated

. temperatures and toj develop an integrated system to perfom such

~ tests on A-286, a precipitation hardening s*i;aiﬁles“s ”siteel at testing
temperatures of 1350°F, 1500°F and 1800°F.
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 Arrsngement of the Systen

BEDWI’ICN OF THE HIMT

F;gw@ l amd Figure 2 show the cents and arranganent of

 the equipment, T
The fatigue Specmen is a constant stress, tapered cmtilaver

approximately 1/10 of an inch- m-%hielmess -and-6-inches- in-iengbh

s ma e

| mstnmentat:.on described above. |

‘The cyclic load is appl:.ed by a Wn.edemam Sonntag SF-2 fatigue
testing machine which can apply an alternatmg force up to 2h lbs. s
at a frequemy of 1800 @y@les per mnu:te. o .‘
| A portion of the fatigie speciments constant stress sectiom s
is heated by a four-twrn induction heat:.ng coil energn.zed by a
Lepel 2-1/ 2 KW high frequency induction heating generator.
The temperatnre of the hot.test porbian of m@ heated specimen

is sensed by a Barber-Colman fad;am.qn pyrometero , |
sights through a lfb inch spacing between the turns of the coil n
'I;hé*’ hottest portion which is called ‘the target area, |

The signal from the radiation pyrometer is intefpreted by a |
temperature recorder into the actual temperature of the target area.
The deviation of the sensed %@ﬁpemtur@ from th@ control point tem-
perature is translated into an error signal Wthh feeds a propor- -
't:n.cma,l. cantroller. 'The proportional cm‘troller sends an adjustment
signal to a servo-motor which adjusts a power rheostat in the in-
duction generator. A Barber-Colman Co. Wheelco 8@0@ Series Recorder

and Magnetlc Modulated Pmp@mi@nal Controller are utﬂized in the

 Eatigue Machine

The Sonntag SF-2 fatigue testing machine is manufactured by the

5
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Viedemmm Hachine Coes King cf Pruss:La, Pcnna. The SF-2 is eapa-

ng an altcmatmg force of 2h lbs. to t.he frcc

| cnd of a @sanmlever bcam fatigue specﬁmen by means of an eccentric

mass rotating at 186@ mp@me The meximum aucmble deflection of

~ the free end is £ 0.5 inches.

Once a fatigue sp ecimen is deszgned s the equipment is carefully

. i ke ps A e N B A et b T T e SRR T St AT s g
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* twed for use with the designed spec:.men. The tm:.ing and cahbratim

can easily be verifn.ed by rmning the machine at several force set-

“tings and c@mpazﬁ.ng the measured deflections with available formul:

An alternate method is to disconnect the loading fixtures from the
free end of the cantilever beam and apply known loads by means of
a spring scale. If this deflectim-versus-load i:'elaticnship corre- |

" sponds to the deflection-versus-dynamically-applied-load relatimm-

ship, then the calibmticn of the fatigue machine is correct.
An advantage of primary importance is that the Somntag SF-2 is
a constant force machine. Even though thermal cycles, during opera-

tion, may cause changes in the deflection of the specimen due to

- changes in the value of Young's Modulus, the applied 1cad and result-

ing stress remains the same.

" At high temperatures, surface material may be stressed beyond <

its yield stress, resulting in localized plastic deformation. The
extent to which this takes place and its effect has not been invesii-
gated in the experimental program herein reportede.

It is well known that fatigue cracks are initiated early in the

fatigue life of a part. Once a fatigue crack has initiated, the

'hcffecbive str-css propagating the crack to féilure is the stress at



Th.é

relatmnshm.p of this stress to the depth of the crack and the
" radius of the root is var:.ed, diff:l.cult to detem:me, and cer-

%

tamly dependent npm temperature.

eSecimens

The fmdamenﬁal task of the high temperature fatigue test:’mg

wmit is to ra‘cord‘ the total number of cyclic apphca‘blons of a

selected ;stress required to cause failure of a reproducible speci-

men held at some contmlled elevated t@mp@mmre;

The i‘atigue crack must therefore initiste and propagate from
a position on the specimen where the maximum fiber stress is known
and the temperature is controlled.

There are two specimen designs which é.re capable of _producing‘-
these conditions, but by different means., One is a constant stress
specimen illustrated in Figure 3, Which is so des:Lgled that the

“applied stress is constant over most of its length. In the case

of this specimen, a failure occurs at a location where the heating

pattern produces matemal having the lowest fatigue strength. For

A-286, this invariably took place thxough the hottest portion of

 the specimen. The radiation pyrometer must therefore measure the = -

‘temperature of this hottest zone and the temperature control must
respond to this signal. |

The second type of specimen is the maﬁmm stress type illus-
trated in Figure L. This type of specimen has a sharp reduction
of its section modulus at some position almg its leng’&:h; causing
this to be the position of maximum stress. The maximm stress
position is made the target area for the ;"a.diation pyrometer, at

which position the fatigue failure occurse The maximm stress
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fspec:imen —hastheﬁdvantage—of-betag*easmehinem ‘the con~

stant stress Spemmen. A dlqadva.ntage of the maximum stress speoi-
men is the notch oi‘foct of the suddenly reduced section which nay be
d:i'fn.cult to defme.

Specmens must be proportioned approprlatoly to enable the maxi-

man of 21;' 1bs. of force to produce the maximm stress levels desired,

P

mammnm allowable deflsction of I 0. 5 inches is not exceeded at the
highest levels-of stress.
Induction Heating Coil |
Figure 5 shows one of the latter evolutions of coil design. Tt
is evident from the side view of the coil that the minimum coil to
work spaoing is determined by the maximwm dofio ction of the fatigue
specimen. Also note ‘&;hat the number of coil turns is s;nmetriwl
about the 5/16% Spo;oizig required to expose the target area for the
radiation pyrometers - | “
The major objective of the coil design is to produce the highest
’oempera:buro in the target area which is wiform across and ‘through
the specimen. This objec‘tive was approached through a succession of
coil re-designs. The results of a temperature survey produced by the
coil design illustrated is represented in Figure 6.,

The temperature variation of the specimen surface arowmnd a cross-

section of the target zone indicates a maxdmm of & 13°F deviation

from the control temperature. The author feels that this can be

reduced by further refinement of coil and specimen design. Figure 7

répresents these temperature variations is a more detailed manner.
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Th@ high fre qm@m@y curx

and requ:.red for mduction heating was

| gmerated by a Iepel 2—1/2 KW tube osc:.]lator. The gemerator - -

praved to be high:ly dependable N smple to operate 3 and capable of |
very high rates of heating for the fatigue specimen. Figure 8 indi-

_cates the heating rate produced by the generators

Q

Sine@

a d:.al ’ t.he tme required to heat the specimen from 135&»15@3’ is

1,2 seconds, 1350-1800°F is 4.3 seconds, and 1500-1800°F is 3.1

seconds,

Tenperature Control Arrangement
| mdiatioh Pyrometer
The temperature of the fatigue specimen at the location where the
fatigue cm@k will 'ocgur must be acmﬁteh monitored during the
duration of each test. The temperature device must further provide
a primary signal to which temperature control may responde

Measurement of the target zone temperature can be perfomed

either by thermocouples percussion-welded to the neutral axis of t.he

o spe cimen, or by a radiation pyrometer sighting between the induction

coils onto the target area.

Possible difficulties were anticipated with the thermocouple

techn;n.que@ Oney, the mbratmn mlght damage one of the percussion

imm power can be instantly applied with the flick of

welds s Or even cause it to break off entlrely. The temperature
conirol system would respond to this drop in sa.gaal and cause over-
~ heating of the specimen. Two, & fusion &t the w@.m smes may cause
a progress:we varla,tlon in the output of ‘the thermocouple .

Because of the la,cl; of physical contact and its constancy ovvér
an extended neriod of time, a radiation pyrometer temperature

6 ' l '
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- 8quare target area, The radisted energy emitted frem the target

neasurement was selacted and has provad ’so be sat:.sfacbory. o
' ‘I‘he instment chosen was a Wheelco-ILand radiation pyrometer )

o Th._s instrument is p@sltmn@d 6% away from the 1/)"

-area is opt:.@al]g focused upon a small block of almummn in which

10 thermocouples, wired in series s are imbedded. The output @f thas

L

radiation pyrome‘ber versus tempemtwe of a perfect radiator (black
body) is plotted in Figure 9o The plot indicates that in the range
of (13009F-1800°F) s the output increases very slowly at a low lefrel.
This mdesirable’ situation is intensified by the fact that the

emissivity of the oxidized specimen has a value of 0,660 when oxi-

dized in still air at 1350°F 3 mlue of 0.67h when oxidized in still

air at 15009F, and a value of 006?9 when oxidized in still air at

1800°F.  Although this is an wdesirable situation, the emissivity
3

?

was fairly constant and compensation could be made for the low value.
A problem m:.gh’o be antlclpa‘t@d if a brightly po.hshed specimen
were to be tes ted in a controlled atmosphere which prevents oxidation
of the specimen. In this case s the very low emissivity of the bright
surface ( approximately 0,08) would not be raised to a reasonable level
by the oxidation of the surface. |
It is doubtful that low target area emissivity will be a serious

problem in most investigations as long as it is a recoglized pheno-

menon. The procedure adopted in this investigation was to standard:.ze
~ the temperatz we recording equlpment using blank specimen mth “themo-

- couples attached. Care was taken to use a blank specimen oxidized in

air at a temperature no higher than the temperature for which stan-

 dardization was intended,

Y

Fatigue specimens to be tested at temperatures of 1OOOCF to
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/\ 1325°F nay be _m&nmtarﬁ,y—heafbed ~to —the—amg mmmtmﬂ*asm

maximwn tamishmgo -

Another approach would be 'bo apply a thin coating of some o ““‘"

| matemal such as a colloidal da.spersmn of graphite in a vehicle
such as water or aromatic solvent. When dry, these coa:bmfrs pro=

vide a wniformly high emiss::.v:a.ty. It must be cautioned that the

lacks effectiveness, and if too thick the coating may not be ad-
| herent to the metalhc snrface.
| Temperature Becorder -

The temperature of the fatigue specimen targst area:was con-
| 'binuously measursd and recorded by a 8000 S@mes Wheelco Recorder
which transla-bed the voltage si gnal from t,he radiation pyrcmeter
into a temperature reading. When tha.s instrzment is used with a

rad:Lat:Ltm pyrometer s the scale has an ex m. form corresponding
to the 'output—of the pyrometere A typical scale would be 1009°F-
2500°F, '

The ind:x.cating scale, radiation pyrometer, and internal parts
a.nd adjustments must all be matched and standardized if true tempera~
tures are to be indicated. Standardization is easily accomplished by
applying a thermdc@uple immediately adjacent to the target area of é
specimen heated to the testing temperature according to the thermo-

couple, The Wheelco Recorder 1s then adjusted to read that teinpera—

If the effects of low specimen temperature and low emissivity

combine to produce radiation pyrometer potentials so low that théy

. cannot be brought into the range of the indicating scale, a device

'bhickm.@ss——of--'th@'*—@@a‘tmgrﬁ;s—%?fy?ﬁtﬁar —If too M‘; *%EIA 18 '@?oéting “

tureby means of an leSSlVity compensatmga,djusment, e
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- ;aéa)?'ribed in Figure 10 is capable of compensating for this difpi-
culty. ‘,, ' -
| Controller and Servo Mechanism
‘I’he temperature control is accmnphshed by a Wheelco Becorder
and a Wheelco Magnetic Hodulator Pos:.t:.oner ¢ Which operates through
a servo 0 @@ntrol the outpu’b of the high frequency induction genera~-

* tor; The MMP Controller mterprets an error slgnal fran the recorder -
in terms of an appropriate change in power with fast response and

little avershoot.




PO remen for high etrength and
resistance to corresion wp to 1300°F, Properties of A-286 are

attained through hee‘@ “treatment which generally consists of a solu-

t:.on, treatment at 1650°F-1800°F s. followed by an aging treatment at
1325015‘ for 16 hours, ,, N |

The normal ranges of chemical anelysis for 4-286 and the analy-
818 of the heat studied are tabulated in Table 1.

A-286 contains enough nickel (24-28%) to etabi]ize austenite at
- all temperatures. |

| NiTi or Ni AL is the equilibrim phase of coherent preeipitatim |
respcms:.ble for the pre eip:,tetwn herdening of the solution treated
material. Ni_Ti does not form above 1650°F and dissolves readily a'b
 1700°F, if formed by overaging.

Emphasis has been placed ‘upon the caref'_el control of the Boron
content between 0.0010-0.010%. Tf Boronm is absent, a weak lamellar
precipitate is formed upon age-hardening. Boron contents as high as
0,20% can give rise to a low melting point, grain boundary segregate.

Coldmmrmg of the solution treated material may result in
overaging or the formation of the soft lamellar precipitate, if the
- Boron content is excessive. For this reason, it was decided to ‘
machine er;d gmf.nd the fatigue speeimens e.fter precipitation ha:den-
ing, since these processes result in some cold-working of the surface.

. \ . . . . . N -

Preparation of Fatigue Specimens

The alloy 4-286 was received in the form of 2" wide by 1/8" thick

10
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o gtﬁps in lengbhs of approximately 9 feet, The material was solu-

tion.. treated at the mill Wh:.ch cons:a,sted of hea.t.ing %h@ ma'berz.al

~ to 1800°F for 1} minutes, followed by fan coolmgo

S:’mce cold-working of solution tf@at@d .é,w286 is reported to
:I.nfluence the ag::ng lﬁ.ne%;ws of the &ll@;r o it was decided to
machme the test spe@ﬁmgns from the 29 x 1/8“ strips after the

Fati .

agng heat *brea'hnent. "At an aged hardness of 280 Brinell, the

matenal can be machined, using high-sPeed toahng@

The strips were cut inte 6% specimen blanks and aged at 1325

Sl | kS

= 12F for 16 hours. Ag:mg increased the hardness from 173 Brinell

to 272 B@eus as inch,@a:ted by Figure ]J,.'

After the specimen blanks were aged, t were carefully

machined to the profile of the fat:.gue specimen, Following -
l ',machining, tm Specimens were su.rfac@ ground with a Norton 32480 -

MSB grinding wheelg, at a speed of 5400 SFPM. A free flow applica-
tion of coplent was applied to obtain (l) the best surface £inish,
(2) a minimum of subsurface metallurgical damage, and (3) the lowest
possible residual stresses{ | ,

To' reiiéﬁe r@s.idual grinding stresses that weré produced, the
fully machined and ground fatigue .speéimens were stress relisved

at 1325°F for 1 houro This is the aging temperature and littls

‘effect is produced by this stress relief.

- RBsults_
The results of :f.‘at:.gue tests. performed at 13500F 1500°F and

1800°F are plotted in Figure 12. These curves clearly mda.ca.te

that in the range of 135C°F to 1800°F, the fatigue life is improved

by decreasing testing temperatures. It should be recalled that aged
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L—2 will overage in aeveral heurs at a temperatura of- 1500°F

Also, the equilibrim phase of @@h@r@n‘t pre @&pitatian is fapm.dly

' re-dlssolved at 1500°F and 18@@@1? --e._m.. wem not stress_ o o i

\ - rehev@d after the surface @indmg 0peration; It is evident that
- any residual stresses formed during grinding are rapidly relieved
at the testing temperature and db not apprecia.‘bly influence the

Tesults. Specimens tested at-13509F, “without %?ess re_:.eving aa—— u
exhibited greatly reduced fatigae strengths R ” o - C | l
""':\Px " : L For pu

rposes of comparlsom s the data referred to above is

plotted with other available fatigue data on A-286 in Figure 13.

- S Study. of this figure indicates that the agreement is good and | | | ﬂ

reasonable,




S L

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

| ‘1.1 The applica.tim of induct:.on hea.ting te high tempe ratura
.fatigue testmg offers same real advantages « Among these advan=
tages are: | . |
& iml:imited i_;est.irig tempei'atnres over' eX=
tended periods

be rapid heating and cooling of only a ma]l
- portion of the test specimen |
¢. dissipation of heat to the laboratory is
- a min:immn | |
de adaptation of emronmental control to
the heated fat.igne specimen may be simpli-
fied | |
2, A maximum stress type fatigué specimen may be preferable
to a doxist.ax;t stress type for several reasons: . |
@+ the maximum stress specimen is easier to machine.

be there is a most likely position for the specimen

~

to fail. |
3¢ The possibility of the interaction of electromagnetic
heating with the propagation of a fatigue crack should be furbher

investigated. Nothing has 1nd:x.ca'ted the presence oi’ th:.s effect

nor has it been proven not to emt.

e The fatigue properties of A-286 are as follows :
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