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A REVIEW OF DIMENSIONAL INSTABILITY IN METALS

F. C. Holden®*

SUMMARY

Interest in maintaining very close dimen-
sional control in precision parts has led to in-
creased research activity in areas usually asso-
ciated with the subject of dimensional stability.

Included are the related phenomena of elastic-
" limit determinations, microcreep, microstrain,
the mechanisms which cause them, and- the

practical methods that canbe employed to improve
dimensional control.

This memorandum discusses some of the
problems that arise as a result of dimensional
instability, and presents information that has
been made available to the Defense Metals Infor-
mation Center. General recommendations are
made for the processing of parts for use in
applications where a high degree of dimensional
stability is required,

INTRODUC TION

The dimensional stability of a material
refers to its ability to maintain its original size
and shape over a period of time under specified
environmental! conditions, Although the term is
self-explanatory, it becomes necessarynotonlyto
specify the conditions to which the material is
exposed, but also the accuracyto whichdimensional
changes are measured, Bucause true dimensional
stability can be defined as an absolute concept, it
may be more realistic to consider the degree of
instability that can be measured with suitable
accuracy,

Improved techniques of metrology developed
during the past decade or two have increased the
potential accuracyof suchmeasurements byoneor
two orders of magnitude. Similarly, the require-
ments of industry and Government, as exemplified
by the needs of miasile and space systems, have
become increasingly stringent. Manufacturing
methods have been improved to the point where
tolerances specified in microinches (millionths of
an inch) are becoming commonplace; in many
{nstances, it is important not only to manufacture
a component with such precision, but also to ensure
that its dimensions do not change during service,
It may be expected that the standards for producing
and maintaining very high degrees of precisionin
manufactured parts will continue to increase during
the next decads, and that these will be extended
into broader segments of industry not yet fully
affected by the increased requirements for pre-
cision.

#Chief, Mechanical Meullurgy Division, thtello
Memorial Institute,

In the past, the distortion or dimensional
instability of metals was studied mainly for the
puryose of eliminating or reducing relatively large
changes in dimensions in such parts as castings
and die blocks, Most of these applications involved
ferrous alloys, and a considerable volume of
research was conducted to study the mechanisms
leading to distortion, and methods for its reduction,
A summary of the information available on this
subject was presented in a recent DMIC report,
"Control of Dimensions in High-Strength Heat-
Treated Steel Parts", DMIC Report No, 163,

Additional information of a somewhat differ-
ent character is needed to meet material require-
maents for recent developments in precision
devices, such as bearings, gyros, accelerometers,
and missile-guidance systems. In these applica-
tions, very high degrees of precision and dimen-
sional stability may be needed over long periods
of time, The metals involved range fromn the more
conventional alloy steeles and aluminuin alloys to
the newer metals = titanium, beryllium, and the
refractory metals, Interest also has been shown
in composite structures (sandwich, laminates, etc))
and innonmetallics - glass, ceramics, and plastics,
In general, material selection is limited by factors
other than dimensional stability; examples are
strength/density, resistance to corrosion, elastic
modulus, and magnetic behavior, The necessity for
achieving specified physical or mechanical prop-
erties in addition to stability of dimensions fre-
quently leads to difficulties, since the procening
requirements often are incompatible.

Another problem area is involved with the
conditions of service under which dimensional
stabili'; is to be maintained, The influence of
temperature and stress, both steady and cyclic,
combined with the presence of various types of
fields are the most important variables. A part
of the dimensional change is (in most materials)
unavoidable but predictable: thermal expansion
and contraction from temperature changes, and
elastic strainfrom stress application, for example,
These effects usually can be compensated for hy
suitable design, and can be minimized by caraful
selection of material. For example, the thermal
expansion can be reduced to essentially zeroover
a restricted temperature range by selecting a suit-
able alloy of the Invar type, Elastic strains can
be minimized by using a material with a high
elastic modulus, and by designing for low stress
levels, The thermal-expansionand elastic-strain
effects are ~suentially reversible, and are not
ordinarily considered as a form of dimensional
instability,




Many of the available data have beenobtained
on specimens that are not subjected to external
losds other than their own'weight. This probably
is because muchofthe initial researchinthis field
wie Jone to develop improved mathods for making
reference standards, such as gage blocks, rather
than components subject to external loads. Cnthe
other hand, moast parts in precision equipment
are subjected to stress during service, eventhough
the stress levels usually are relatively low,. It
has been observed that deformation, both time
independent and time dependent, can occur at the
microinch-per-inch level at stresses well below
the conventional yleld stress or proportional
limit, As an example, the conventional yield
strength (0,2 per cent offset) for wrought 6061
aluminum alloy was reported to be 40,000 psi,
whereas the precision elastic limit was about
12,000 pai.

Studies on the mechaniemas of microstrain
have been carried out rather intensivelyinrecent
years. Although terminologies vary, the terms
“precision elastic limit" and "microcresp limit"
have been us3d to designate the stresses at which
time-independent and time -dependent plastic flow
occur. The pracision elastic limit is defined as
the lowest stress at which a specified residual
strain (usuallyof 1 microinch per inch)is detected,
It is ordimarily determined by loading to succes-
eively increasing stresses in tension until a
residual strain is detected.(l) The microcreep
limit, as defined by Hughel(2), is the lowest stress
sufficient to cause a progressive increase in
residual strain on three successive loadings,

As a result of the foregoing, it appears that
in a stressed part, the importance of microstrain,
as distinguished from true dimensional instability,
must be recognized. For convenience ;therefore,
the total dimensicnal change is considered to be
composed of three parts:

(1) Recoverable dimensional changes; time
independent (these generallyareunder-
stood and predictable, and include elastic
strain, thermal expansion, and magneto-
strictive strain) and time dependent
(these include stress-induced andmag-
netically izduced ordering).

(2) Plastic deformation (microstrain); this
term includes the irrecoverable plastic
strains, time dependent and time inde-
pendent, that result from an applied
stress. , :

(3) Dimensional instability; this term is
reserved here for changes indimensions

resulting from internal stress systems

or metallurgical instability (such as
precipitation or phase changes); thatis,
changes that occur in the absence of
external forces,

‘In the discussions that follow, these three
causes of dimensional change are discussed, and
available information. on how they can be cen-
trolled is presented. Emphasis is placed upon
the causes and effects of dimensional instability.

RECOVERABLE DIMENSIONAL
CHANGES

Certain recoverable dimensional changes
result from external changes in stress,tempera-
ture, and magnetic fields, Bothlinear and volume
changes are involved; however, here we will be
concerned primarily with linear changes. The
elastic modulus (E} relates the magnitude of an
applied stress to the corresponding elastic strain;
the coefficient of linear expansion (@) relates the
change of temperature to the resulting thermal
strain; and the Joule magnetostriction coefficient
{\) relates the magnitude of an applied magnetic
field to the corresponding linear dimensional
change. Within restricted ranges of these primary.
variables, the dimensional changes are essentially
reversible, and theirmagnitudes can be c*'~ulatea,
It remains a design problem to ensure ilut these
changes in dimensions are suitably ac:ounted for
in each specific applicatio- .

Although these paramseters (E, a,)\) are
sometimes expressed as cons’onts over restricted
ranges of stress, temperaturc, and field strength,
it is well known that these are really average
values, Further, there is usually a difference in
the strain path which is determined by whether
the applied force, temperature, or field is increas-
ing or decreasing. This path dependence is
reflected by a hysteresis loop, indicating an absorp-
tion of energy. This energy can be related to the
mechanisms involved in the strain by suitable
theoretical treatment.

As pointed out previously, these reversible
effects can be predicted and, to a degree, mini-
mised individually, provided that other considera-
tions do not preclude a free choice of material
and condition. The three effects described here
frequently are, to a degree, related. For example,
alloys of the iron-nickel type designed for low
coefficient of expansion depend upon magneto-
strictive effects to accomplish this, as do similar
alloys with a controlled variation of elastic modulus
with temperature, Invar and Ni-Span-C are tw
examples of such alloys.




For most purposes, the conventional hand-
bqok values for the parameters E, @, and ) are
sufficiently accurate to provide design informa-
tion. Where greater accuracy 13 needed for a
specific application, it probably will be necessary
to conduct experiments on the particular mate-
rial and condition to be used, since variations
in composition and structure are likely to be
significant, A few data on selected materialsare
included in the Appendix for the values of elastic
modulus and expansion coefficient,

PLASTIC DEFORMATION
(MICROSTRAIN)

As itis employed here, the term microstrain
is defined as the irrecoverable plastic strain
resulting from an applied stress. It has been
point~d out for many years that the values of the
elastic limit and the proportional limit of a metal,

“as conventionally defined, depend upon the preci-

sion of the strain measurement., Advances in
measurement techniques now have progressed to
the point where residual strains can be measured
to a resolution of about 1 x 106 with resistance
gages, and as great as 1 x 107 or 1 x 10-8 by
suitable capacitance gages. The elastic limit (or
precision elastic limit) usually is defined as the
lowest stress for which a measurable residual
strain is obtained; this is sometimes arbitrarily
set at 1 microinch per inch.* In some recent

studies(3), the term anelastic limit (0p) has been
used to denote the same quantity; thatis, the low-
est stress at which the hysteresis loop on the
stress-strain curve is not closed. Again, these
values reflect the resolution of strain measure-
ment,

The precision elastic limit is a useful
quan ity to the designer because it represents a
limit.ng value for the design stress. It is neces-
sary, however, to specify the corrssponding
residual strain., This ordinarily will be the
smallest strain that can be detected by the strain-

measuring system, or an arbitrary value such as
1 microinch per inch.

The residual microstrains correspondingto
the (precision) elastic limit or the anelastic limit
are considered to be essentially time independent.
Studies of time-dependent deformation at micro-
strain levels also have been conducted. Theterm
"microcreep limit'" has been defined by Hughel as
the stress just sufficient to cause progressive

#Elastic limitalsohas been defined( 3 as the lowest
stress at which a hysteresis loop is observedon
the stress-strain curve after unloading.

increase in residual strain on three successive
loadings to the same stress level.{2) For beryl-
lium, it was found that the microcreep limit was
significantly higher than the precision elastic
limit. In other work, microcreep in Invar and
356-T6 aluminum at room and slightly elevated
temperatures has beenobserved at stresses near
(and in scme instances below) the elaatic limit.“)

DIMENSIONAL INSTABILITY

The term "dimensional instability", as itis
used here, refers to changes in dimensions that
occur over a period of time in a specimen without
external loading, Data have been reported for a
number of metals and alloys exposed both at
constant temperature and to temperature cycling,

Mechanisms Leading to Dimensional
Instability in Metals :

The two primary mechanisms that cause
dimensional instability in metals are reasonably
well known, These are (1) metallurgical in-
stability and (2) relaxation of residual stresses, -
There are, in addition, more subtle metallurgical
reactions that are not so well understood, These
may include the effects of ordering of interstitial
and substitutional atoms, the effects of grain-
boundary migration, and movements of magnetic
domain walls, The effects of radiation ondimen-
sicnal changes and on properties of materials,
particularly fuel element materials, have been
studied exte..sively; however, these are conridered
to be beyond th: scope of this report., Some of
the characteristics of the mechanisms leading to
dimensional changes are discussed in the follow-
ing sections,

Metallurgical Mechanisms

{1) Metals or alloys that do notundergo a phase
change form one of the simplest classes of
materials, The only apparent microstruc-
tural changes are in grair size, shape, and
orientation. One metallurgical change which
can cause small dimensional changes is
ordering. Individual solute atoms often will
tend to occupy specific positions in the sol.
vent lattice relative to like or unlike atoms,
Because these reactions are controlled by ch
diffusivity of the solute in question, the re-
action rates are distinguished by a relatively
strong temperature dependence, Small di-
mensional changes will follow changes in




stress, magnetization, or possibly temper-
ature. Such reactions can be responsible
for warm-up times for oscillating devices,
hysteresis behavior duringthe stresscycle,
or time dependence after reaching some
fixed new temperature,

{2) An alloy that rejects a second phase from
solid solution (typical of the age-hardening
alloy systems) will usually undergo a grad-
ual change in volume. The rate of the re-
action is dependent upon time and temper-
ature, and upon the degree of departure from
phase equilibrium. The reaction also may
be sensitive to applied stress, the applica-
tion of vibrational energy, and the level of
impurities in the alloy.

(3) A metal or alloy that undergoes a trans-
formation from cne allotropic form to
another will change in volume. The change
may be positive or negative, dependingupon
the relative specific volumes of the two
phases. In steel, for example, the trans-
formation from austenite to martensite re-
sults in a volume increase, the magnitude
of which is dependent upon alloy composition,

(4) Combinations of the several mechanisrns
described above may occur concurrently.
For example, a stzel may exhibit simul-
taneously a positive volume change from the
transformation of retained austenite and a
negative volume change from the tempering
of martensite, Thus, the net volume change
may be positive, negative, or zero; it also
may change from one to the other overa
period of time as one mechanism becomes
dominant over another,

Residual-Stress Mechanisms

Shape distortions introduced by the relaxa-
tion of residual stressesare somewhat more diffi-
cult to analyse. Residual stresses most fre-
quently are introduced during fabrication or heat
treatment, and are characteristically nonuniform.
Distortion then takes place through time -dependent
plastic flow, The analysis of this problem is
complicated by the fact that distortions in the
microinch-per-inch range can result from resid-
ual-stress changes well balow the presentlimits
of experimental stress measurement, Further,
present methods for the measurement of residual
stresses sre quantitatively ussful only for sec-
tions of simple geometry. The stress distribution
and consequent distortion of parts with more
complex shapes can be predicted only qualita-
tively,

As was pointed out previously, both metal-
lurgical and residual-stress mechanisms are
operative in most cases; therefore, the groass
dimensional change measured will be the sumof
the two typas of distortions. Under very special
conditions, it may be possible to balance the two to
obtain satisfactory dimensional stability, as has
been done by the National Bureau of Standards in
some of its gage-block studies, More usually, it
will be necessary to reduce both the metallurgical
instability and the residual-stress levelstoattain
the neccssary degree of dimensional stability,

Evaluation of Dimensional Instability

The lackof extensive data onthe dimensional
instability of metals and alloys reflects the dif-
ficulties encountered in making highly precise and
accurate measurements, In many instances,
changes in dimensione are inferred from the drift
observed in a completed instrument or system
rather than from actual measurements of dimen-
sions, This frequently leads to the anomalous
situation in which changes in the calibration ofan
instrument can be measured to a precision much
greater than that of measuring dimensional
changes in the parts that are causing the change.

Perhaps the most advanced metrology tech-
niques in use today are those developed by the
National Bureau of Standards for its gage-block
program, whereby changes in length approach-
ing 10°7 inch per inch (1/10 microinch per inch)
can be detected. The basis of measurement is
the interfarometer, with which the length of the
reference gage block is determined, An inter-
ference comparater is uaed to intercompare the
reference and specimen gage tlocks. Toincrease
the capacity of the measuremert system, anelec-
tromechanical comparator was used in conjunction
with refersnce gage blocks., With errors mini-
mizsed by statistical procedures, an accuracy of
about 0.2 microinch was obtained in a 2-inch
length, It should be pointed out that extremely
careful control of environmental and testing condi-
tions is vital to the attainment of this high degree
of accuracy. '

In studies of dimensional instability in the
range of a microinch per inch per year, it is
important to note the distinction between accuracy
and resolution of measurements. It was pointed
out earlier that the resolution of strain measure-
meuts ~an bs as high as 1 x 10°8 inch per inch
with a device such as the capacitance gage. This
means that very small relative changes inlength
over a reasonably short time period, can be o!
served with comparatively simple equipmer




Accuracy in the measurement of absolute lengths
calls for a highly advanced measurements {acility
and for careful techniques f standardization.

RESEARCH ON DIMENSIONAL INSTABILITY
AND ASSOCIATED PROBLEMS

An examination of the open literature and
available Governmen: reports dealing withdimen.
sional instability reveals a comparativaly small
amount of useful data. This reflects ir part the
experimental difficulties inobtainingtruly signifi-
cant data, and the consequent high investment in-
volved in such measurements. It alec indicates
the fact that such informaticn frequer‘ly is re-
garded as highly proprietary by those industrial
companies who have developed it,

T..e most comp: ehensive publiched compila
tione of data on this subject were prepared by the
Instrumentation L.aboratory of the Massachusetts
Institute of Technology.(s'b) The data presented
in these reports were collected over about a
15-year period, and have formed the basis for
many of the materials-processing schedules that
are in use today for the manufactura of precision
devices,

A study has bean in progress for a number
of years at the National Bureau of Standards
to improve the stability of gare-block mate-
rials..7+8,9,10) 1t ig restrictedtothose materials
that are potentially useful as gage blocks (thatis,
with surface hardness values of at least R 65),
and it has resulted in several materials =nd
processing methods that produce extremely gocd
dimensional stabilily,

A current research program, sponsored by
the Naval Applied Science Laboratory, is being
conducted by Alloyd General Corporation.“) It
presently is developing data on elastic limits,
creep, and dimensional stability for a number of
selected alloys including Invar, 356-T¢6 caet
aluminum, and 310 stainless steei,

Only scattered data in addition to those
listed above have been found. A number of papers
in the cpen literature have been published, most
of which deal with bearing steels, and a report
on baryilium was released by the Geraral Motors
Laboratery.{2) All of the data presaented in this
report were taken from tha sources listed above,

A number ¢! reseazch programs now arein
progress which deal with microstrain and the
mechariems that are asscciated with it. These

]

studies, which are generally basic in na'ure, in.
colve the ohservation of microsirain effects in
tension-compression, bending, and torsion, boun
with static and dynamic (intermnal friction) loading
techniques. The recoverable elastic strains and
the associated hLysteresis loops are relited to
mechanisms such as the bowing nf dislocationiocps
between pinning points, Thecreticalexp-ossicne,
based upon dislocation dyrarics, have been de-
veloped which show proraise of providing 2 rational
basis for expressing the energyloss involved with
the fundamental dislocation parameters,

The stress at which the dislocation loops
break away from their pinning points likewise has
been related to the stress at which a measurable
residual strain is observed, This effect has been
studied in various ways inciuding direct tension
and internal-friction experiments,

Much of the most recent iniormation
microstra‘n was presented at a symposium spor:.-
sored by AIME,{11) for whichthe proceedings will
serve as a reference. Insummary, itappears that
ar improved understanding of the basic mechan-
isms that lead to microstrain has already been
developed, and that application of these concepts
tothe over-alldimensional control of metals should
be possible in the near future,

PROCEDURES FOR PROCESEING TO
REDUCE DIMENSIONAL INSTABILITY

The degree of dimensional instability thatis
found in a finished metal part is infiuenced b
{!) material composition and structure, (2) its
thermal and mecharical history, and (3) the en-
vironmental conditions of exposure and use. The
designer has only limited control over these
factors. For example, the material selection is
frequently based upon physical or mechanical-
nroperty rvequirements other than dimensional
control: strength, uensity, magnetic behavior,
v..rosion resistan~=~, etc, The thermal and me-
chanical history is likewise limited Ly, for ex-
ample, the necessity for fabricating into a given
configuration, or the need to develop a high
strength or hardness by heat 'reatment, The
conditions of eavironment and ute likewise are
largely fact vs that cannot be completely con-
troilled by the designer, although he mav be able
to limit some of their effects; for instance, the
stress level in a part may be reduced through an
increase in section size,

Of the three faciors, the processing treat-
ments which determine the thermaland mechanical
history are most under the control of the manu-




facterer, Thus, the attalnment of & satisfactory
degra= of dimenc:ional stabllity in a ¢inished part
will depend strongly upon the selection of suitable
rrocessing procedures. These can be reiated ¢o
the mechanizms leading to instability that were
discuesed previcusly, Itis usual practice to stress
relieve between successive machining ope-ntionse,
and to perform stabliizing heat treatments before
and after finish machining.

The general pre"eduus recommended in the
MIT work(3) are as fcl!
(1) Stress relieve
{2) Rough machine
(3) Stress relieve
(4) Perform main hez! treastment
{5) Machine slightly cversize
(6) Stabilize

(7) Machine o final dimensions

(8) Stabilize,

Steps (1), (3), ana (8) are indicated as optional..

There are certain general observations that
can be made concerning the effects of thermal
and mechanical treatments on dimensional s«ta-
bility:

(1) Phase equilibrium under service condi-
tions should be approached as closcly as possible,
since gradual transformation is one cause of i~
stability., In quenched aad tempered steels, it is
uaual practice to elir.inate as much retained aus
tenite a3 possible from tne structurs by quenching
to subsero tempuratures t2fore tempering. Thia
is bscause definite correlations have been found
between dimensional instebility and the gradual
sranaformation of retained austenite, Althoughre-
petted subzero exposures sometimes are recom-
mended to reduce the amount of austenite retained
in the structure, therc is some question as to the
actual effectiveness of ruch cyclic treatments.

Stabilization treatments generaily are de-
signed to accolerate any aging that otherwise
would take place at the service ternperature, For
a part that is to be used at rocom temperature, a
stabilization treatment of 24 hours at 200 F is
suggested.(3) It is pointed out further that the
stabilization temperature shouid not excesl the
last temperature of the main heat treatment to
avoid the loss of mechanical properties,

(2) Residual stresses leading to distortion
can be introduced by drastic heating or cooling
during processing. Wherever possible, parts
shoulu e heated and cooled slowly to prevent the
forming of large temperature gradients., Thisis,
of course, more important where large and com-
pPlex shapes are involved, Where quenching is
needed as part of a heat-trsatment process, it
may be desirable to reduce the severity of the
quench as much as possible. For example, a
quench into boiling water rather than cold water
may be used after solution annealing certainage-
hardening aluminum alloys,

(3) Residual streases and consequent dis-
tortion m"ay be introduced during machining and
grinding operations. In addition, the presence of
residual btresses in a heat-treated part may lead
to distortion during machining due to the unequal
removal of metal. This in turn may make it
difficult to attain the desired dimensional toler-
ances, and may require that finish machining be
carried out in steps, each followed by an ap-
PTr . p-iate siress-relieving treatment,

{4) The attainment of a suitable degree of
stress relief without a loss of mechanical prop-
sriies may require that a comprornise of time and
temperature be made, Newer techniques for in-
creasing the rate of stress relief, notably by the
application of ultrasonic energy, are in the de-
velopment stage and may be of consid-rable value
in the future. Temperature cycling also has Leeu
used to relieve residual stresses. Thisusuallyis
done by cycling between room temperature or a
moderately elevated temperature and a subzero
temperature. It has been reported(s) that 10 cy<les
or less usually are sufficient,
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APPENDIX

COMPILATIONS OF DATA

The data presented in this Appendix have
been taken from the sources cited in the preceding
section, Withfew exceptions, nochanges have been
made except for the correction of a few obvious
misprints,

There ars some precautions that should be
observed in using the information presented in
these tables. First, it should be noted that even
where a specific processing schedule is recom-
mended, it does not necessarily follow that this
procedure develops the optimum degree of dimen-
sional stability for that alloy. Also, treatments
leading to ¢ high degree of stability of dimensione
in samples exposed without stress do not nec-
essarily produce the highest stability in parte
that are subjected to externmal loads. Finally, it
should be pointed out that some of the informa-
tion presented here has been taken from sources
that may nct now be considered to be fully
authenticated.

With these resesrvations in mind, the data
presented here should provide a useful source cf
information for the selection and procassing of
parts for applications in which dimensional sta-
bility is needed. Each grou; of tables taken from
a single source is identified, and the pertinent
information on experimental techniques is pre-
sented briefly,

Data From R-95, Summary Report
No. 1, "Measurement and Control of
the Dimensional Behavior of Matals"

by

B. S. Lament and B, L. Averback,
Metals Processing Divicion, Depart-
ment of Metallurgy, Decomber, 1958,
Instrumentation Laboratory, Massa-

chusetts Institute of Technology,

Cambridge 3%, Massachusetts

These data were obtained using test apeci-
mens 3/8 inch irn diameter and 4 inches long,
with the ends spherically ground to a 2-ixch
radius, Length measurements were made with a
5000X comparator at 70 F. Changes in length
were measured after 1/2 hour at 70 F following
heat treatment for time periods up to ! year of
aging at conctant temperature. The precision of
the length-change determination was reported to
be about 10 per cent for changes greater than
about 30 microinchas per inch, and about %3
microinches for smaller changes. In the tables
of data, length changes are reported to the nearest
§ microinches per inch,

Dimensional-stability data are reported for
three types of exposure: (1) 70 F, (2) 160 F,
and (3) after cycling 10 times between 70 F and
95 F, with a 30-minute holding period at -95 F,




A-2

TARE A-1, DOMENSIONAL STABRITY OF PLAIN-CARON AND LOW-ALLOY STEELS

o Sesteumineomes
Mard- M Tox Cyt.
Ay feec. Mo, Trestment ee ime, Iwmo 13Mo imoe. 3 meo l3mo. to.88F 10°°,°C
5118 cold drava (as roceived) nes - . . . . -
179-1,3,9 siregs relicve  QOOF, 1 hr.,A.C.-(R) B9 , 3 o - 9* -3 -8 . 8 [ 1.8
1713-4,9,6 1300F, L hr, ,A.C.-(R) BTT .16 .10 -}0° -8 -8 - 3 Y 11.8
1000 1L°%,2.3  semesl 18507, 1hr.,F.C. B 1% -8 -3 -10 -10 .18 18 1.4
1T°%%,2.9  anerel 16807, Inr..F .C. B -8 -8 -10 -0 38 -0 -8
X1080 16-1,3,9 coM drawn (e recetved) P .8 -10 -135 -5 -10 -3 -18
10-4,8,8 stress relieve 12007, Wr.,A.C. D62 -8 .20 -30 -5 -9 -10 °
16-7,8,9  normalise 16000, 1/3%r. . A.C. B4 .10 -10 18 45 50 65  -2%
16-10,11,13  harden 18000, 1/20r.,B Q. C40 +40  +50 +60  +100 +106  +20 80
10-13,14,18  \emper 2007, 1/8 hr. ,A.C. C40 -8 -8 -85  +1p <20  +30  +l0 e
WS $-W.11,H  celdrawn  (ss received) B¢ -0 -0 -8 o o 3 -8
§-10,20,31  stress relieve 1300F,10r.  P.C.«(R) DO -3 -3 -0 o 9 -8 -3
8-1,8,9 sameal 1580F,1/2 hr. 7. C. M -3 -5 - -8 -3 . -3 n.2
5.30,1,12 etabiline W, Ihr AC.(RY B9 @ ° - -3 -8 . -3
$-23,23,34  mermalise 19009, 1/20r.,A.C. BOS .38 .38 45 30 .33 3% -1
(W drew S00F, Wnr , A.C. 208. -8 .10 . - . . .
L 23,20 97 narden IS3SF, 1/SNr., B.Q. CS8 -30 30 -T0 B8 B8 <88 -20%
$:-30,30,30 temper 00F, Ihr., A.C. Cs8 -8 -8 -i0 -35 .30 3 ) -18
1164 15.7,5.0 cameel 1880F, 1/3nr.,. P.C._ D83 3 0 - " 0 . .
19-4,5,8  wermalise 10000, 1/20r., A.C. B9% 13 -39 - ‘e -18 . .
13-¢ draw 9007, 1 hr., A.C. s -3 -8 - - . . .
harden 15807, 1/20r., 0.Q.
19-1,3,3 temper 1100F, 1 hr., W.Q. cs o o o o o . - 1.1
4140 0-9,10, 1 amneetl 1850F, \/2r. , F.C.-(R) GOS & .§ . o -9 - +$ 1.4
¢-8.7 aermalise 1000F, 1/2%r., A.C. C3% 430 +38 30 * 8 o2 - -
e draw 000F, 1/20r.,AC. C3 -3 -§ . - - . .
6-4 harden 1509, 1/3r., 0.Q. C84 +90  +100 +108° - . - -
“wee 6.s swhe ol -320F, thr., AN cs  -10 30 10° . . . .
herden 15000, 1/3e.,0.Q.
013,.14,18  temper 2007, Mes., A.C. CH -5 o o +p a8 a0 )
s-10,17,18 10007, Shre. ,A.C.-(R) C30 -10 .19 -30° -3 .8 -8 .3
e1,2,3 11000, 1hr. . W.Q €33 .25 25 -3 .38 48 -80  -18 1.1
& 10-4.9.9 sansel \0887, 1/30r.,P.C.-(R) DY ® o . o o s ) 11.3
16-7,8,9 herden 15687, 1/3%r.,0.Q. CIs 00 90 00 .35 .30 . +200
18-15,16, 17 remper 2007, Wre., A.C. €88 -8 -8 +3° 413 38 e 10
19-1.2,3 L100P, thr., W.Q. e -8 -3 10" a8 30 30 .m0 10.9
susteaiise 15969, {/80r,
10-16,19,30  martemper  H.Q. 10 000F, A.C. CO8  +8 + 5 10" 38 38 W08 o3
1970 3.1.8.0 saneel 1450, 1/3r., P.C. B% .13 .20 .20 -3 .85 .10 .20
nermelise 16000, 1/3 hr., A.C.
3-4,5,8 eraw 11082, § hr., A.C. B¢ <13 18 -39 -8 -8 8 -8
hardoe 19000, t/80r., W.Q
2-1,8,9 remper 2002, Wr., A.C. Cos 30 .30 .30 .25 20 -8 .18
6 meuthe of aging 7.C. - forance cool
2L « loaghtettnal drentisa  A.C. - air onnl
Ny Saneveree Giroction 0.Q. -oll guenct

(R) - soscrismendsd trestmont W.Q. - wuler qguineh
B.Q. - rine guoesh
1.Q. - b qusnrdh
AN -alp beot




TABLE A-2. DDMENSIONAL STABILITY OF TOOL STEELS

Microinch per Inch Leagth Change 1n

Rock Time and Cyclic Stadility Teste Thermal
well Cycled Kapans.
Hard. Ased at 10F Aged st 160F 10X et
Alloy Spec. Mo, Trestment ness imo. 3mo. 12mo. Imo. 3Imo. 1imo. to -9SF  10°7,°C
10100 §.7,8,9 anncal 1430F, 1hr., F.C. BO? -10 -18 198 - 19 .20 -20 -20
normalise 1350F, 1,3hr., A.C.
8-4,5,6  draw 1100F, 1 hr., A.C. B97  -10 -10 -18° -3 e8  es .18
harden 14530F, 1 207, , W. Q.
2-:.2,3 temper JOOF, Ihr., A.C, (4 1] -3 10 .18 10 -3 . 30
10100 X.37,82 harden 1430F, 1/20%r, W. Q. Cés 173 -349 -408 - - - -
K-58, 63 temper JOOF, ihr,, A.C. (o 1) =3 -8 17 - - - -
K-70,88 0P, Inr, , A C-{R) CO84 .5 -3 .10 - - - . 11.0
K-118 00F, Inr., A.C. (o 3] o -85 -9 - - - -
x-118 S00F, hr., A.C. ce o -3 - 3 - - - -
harden 1450F, 1/30hr., W. Q.
X-80 subcool -330F, 1ar., A N. CeT -240 -38C -328 - . - -
K-01 temper J300P, 1wr., A.C. ced -5 -10 -18 - - - -
K-184 WP, Ihr.,AC.-° CH -3 -8 -8B - . - -
K-1858 08P, INr., AC.-R) COO -§% -3 -5 - - - -
harden 14800, /8., W.Q.
temper 30UP, 1hr., A.C.
K-8 swbcool -320F, Ihr., AN ces -10 -10 -18 - - . -
K-804 temper 300P, Inr., A.C. ces -10 -10 -1 - - - -
avstenitise 14500, 1/akr.
quench oll ot 1287, A.C.
K-187 temper 300F, 1ar., A.C. Ces -3 -8 . - - - -
K-158 400F, 1ar., A.C. C63 -10 .18 - - - - -
Moagea-
ose Die M-¢4 40 harden L480F, 1/2hr., 0. Q. Ce4 -30 -850 -90 - - - -
H-45,47  temper 300", IAr., A.C.-(R} C88 o 0 o - - - . 11.8
n-3¢ swbcoo! -330P, ihr., A M. [of 3 -10 .10 -1§ - - . .
temper 3007, 1kr., A.C. ce -3 -8 -10 - - - -
harden 1483F, /28, 0.Q.
H-34 subeool -330F, Ihr., A M. ces -9 -130 -188 . v - .
K-88 temper 30CF, ihr., A.C. ces -9 -8 -1 - - - -
awstenilise  14830F, 1/2nr.
quench oil st 1238P, A.C.
N-57,63. 88,
67,73, 7% temper 300F7, Ihr., A.C. (o }] +18 20 - . - - .
H-18 400F, Iar., A.C. (o 3] + 8 + 93 - - . - -
sustenitise 1430F, 1/3nr,
~ arquench M.Q 10430F, A C.
N-TO temper 300F, thr., A C. [q } ] +10 1% - - - - -
M1t 400F, Inr., A C. [of 1] e -9 - - . - -
Tuagstes
Die G-33.29 harden 10087, 1/3nr., O.Q. ce -100 -188  -300 - - - -
G-34,38 temper MO, Inr., A.C.-(K) (83 0 [ 0 - - . B 11.8
G- subcosl -J3OF, Ihr., AN (o }) -10 -i? -18 . . . -
ag-% temper IO, Inr., A C (of 1) -8 -3 -10 - - - -
harden 10007, /8., O Q.
g-n subeowl <3307, Ihr., A M ces -179 -3%30 -360 - -

a-33 temper 3007, INr., A C ca -% -3 .10 - - - -




A-4

TARE A-2, (Continued)

Micreiach per Inch Length Change in

Rock- Time and Cyclic Rability Tests Thermel
well Cyclod Expons.
Nard- ﬁ " TOP £ o 100F 10x Coul.
Allsy  Spec. Ne. Trestmem "ot (me, Imo. 12mo. Imo. Iwe. 13mo. 1o -0o7 10°%/°C
s1100 harden 1390F, 1/20r,, 0.Q.
subeool TSP, Ihr., AN,
170-1,2,3 dovble temper  30OF, Ine., A.C. (1) C66 -5 -10 -10° -10 a8 -3° -3 110
LI hardes 1880 P, \/20r., O.Q.
n-1,2,3 temper 300F. nr., A.C. caa -8 . 0 e 1 . *10
1T008.1,2,3 temper 306P, iar., A.C. Ce4 -3 -8 0«10 <20 . 1
e T Rarden IY, 1/3r.. 0.Q. CR @ W -uf - . - -
T-30, 08 temper 2809, 10nra.,A.C. - (R) CES 0 (] - - - - .
T-48,6 0P, Ihr,, A.C. co 0 ° ] - - - -
T-04 4007, Ihr., A.C. - (R) C82 ] 0 . . . - - 11,9
$00F, Inr., A.C. c (] ° ¢ - . - -
Rarden 15807, 1/20r., 0.Q.
T-30,43 subcool -330F, iar., AN, C3s -0 -38 -108 . - - .
T-88 temper 0P, 10nre., A.C. ces [ ] (] - - . . . 11.9
T-48 00F, 1he., A.C, Coe -% -8 -9 - . - -
400F, thr., 2.C, cér -% -8 -8 . . - -
00P, Ihr., A.C. (o ) 0 -] -] - - . -
harden 1550F, /e, 0. Q.
temper 300F, Ihr., A.C.
T-12 subcoo! -320F, Ihr., A M. ce4 -8 -3 -10 . - - -
T.13 temper 308F, Ihr., A.C. (o M 9 -8 -3 - . - .
awstonitise 1880F. /2 0r.,
qurach otl 18 1287, A.C.
T-23,08 temper 300F, Ihr., A.C. Co8 +18 28 - - - - -
N 400F, 1hr., A.C. cn o -8 - - - . -
3100 sustenltise  1830F, 1/2 hr.
|marquaach H.Q. te?50F, A.C.
T-38, 83  temper 300F, thr., A. C. Coe [} ° . - - - .
T-50 490F, lhr., A.C. ce -3 -3 . . . - .
susteairise 1350F, 1/3he
marquench N.Q. To4dor, A C.
swbcont -320F, Inr., AN,
T-00 temper 330F, 10hre., A. C. ces -8 -3 - - - . -
T-70 3007, 1hr., A.C. cd -3 -3 - - - - .
T-1 400F, e, A.C. Cey -3 ) - - - - -
12108 0.1 hardea 133eF, 1/Inr., 0.Q. 80 o - - - - -
$3-3 subrost -S20KInr., A, -116 -140 - - - - -
harden 1380F, 1ar., O.Q.
$3-3 iomper 1000, 1ar., A.C. +48 30 - - - - .
33-4 3000, the., A.C. -8 -0 - - - - - 12.5
1IC-0Cr €3-3 »arden 1o, 1/t0r., A.C. CH8 298 +213 216 - . . .
€.3,4.3 temper 0P, Mre., A.C. I YRS T TR S T R T SR T MY ) 12.3
96,18 9NOF, mrs., A.C. C49 o440 4T0 o480 42D 430 2 4400 <800 19. 8
Nigh C, ¥-32 terdes I90OF, 1/30r., A.C. C88 1% 3 .10 . - - .
Righ Cr 7-40 omper WP, nre., A.C.-(R) ca ¢ -3 -3 . . . .
NF, Nrs.. 0.Q. ces 30 38 o230 . - - .
hardes 19000, L/Sar., A.C.
tripie tomper MEP, 1br., 0.Q. (B c® *310 378 - - - R

r-» strees reliove 43OF, Inr. A C. (o 1] + 190 «10% - - - . -




o
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TABLE A-2. (Continued)
M croinch per Inch Lengih Changr in
Roch - Time and Cyclic Mabiliny Teots Thermal
Yang.  Aged at T0F Aged st 1607 Creied  Zapoms.
Alley Sprc, Neo. Tresimem nees Imo. Imo. 13mo. imo. Imo. 1imo. to-93F 10°%,9¢C
Migh C, harden 1800F, 1/I0r., A.C.
High Cr F-48 subcool -128P, Ihr., AN, Ces 30 -30 120 - - - .
temper 830F, Ihr., 0.Q. [of 3] -9 -10 . . . . . *
r-47 830F, 2nrs., A.C. (o }} (1] 58 0 - - - -
harden 19007, 1/2hr., A.C.
subcool -3I0F, thr., A M.
triple temper BOP, L hr., 0.Q. {3)
r-60 430F, Ihr. . A.C. (o } +09 138 - « - . -
harden 19007, 1/2nr., A.C.
subcool a. -320F, Inr., AN
temper b 980F, 1 hr., 0.Q.
cycle ¢. Reprat stepe & and
b four times
x2-12 A A80F. Lhr AC.-(R) CHY ] 9 A - . . A2
Nigh C, M4-0,9,10  snnrsl 16007, 3nrs., P.C. e -0 -8 -0 0 0 ‘8
B Cr .y harden 1900F, 1/3hr., 0.Q. CO3 100 +80  +10° - - . .
“-2,9,4  tempor 2007, 2 hre., A.C.-(R) C63 ° 0 ST R S T A | 10.3
04-3.8,7 P00F, Ihre., A.C.  CS8 300  +300 340" +380 +303 «410° 438 10.0
M-3igh K.9 air harden 2220F, Y mine., A.C. (of ] -3 -1 -8 - - - .
foosd  g.4.10 harden 2210F. Imine.. 0.Q. C88 -70 -100 -189 - - . .
tomper 10807, 3 130rs., 0.Q.
B-18 stress relieve 8COF, t hr., A.C. (o 1] -3 [ ] +8 - . . .
harden 22207, 3 min., 0. Q.
8-11 temper 1050F, 21/2hre., A.C, C88  +23 *33 " - - - -
B-33 atress relieve 80P, Ihr., AC. ces +10 +19 30 - - - -
B-t2 $00F, thr. , A.C. Ces +20 *30 “y - - . .
M-2 Nigh harden 22307, Jmia., 0.Q
fpred dovbic icmper 103072 1/3 hra., A C(3)
K-14 sircee relieve 800F, Inr., A.C. (4 7] .10 +10 31 ) - - - -
hardes 32307, 3mua., O. Q.
triple temper  (030P, 2 1,230re., A C.(Y)
£-18 streeq relieve 00P, Inr., A C. ces *]10 .10 . - - - -
hardes 22207, Imine. 0.Q
triple tempes 1080F, 31 Inre., 0. Q. (1))
E-28 strees relieve S0OF, Inr A C. (g ]) H] 3 B - - -
K-26 P00F, INr., A.C. -{R) Ces 4] ] . - - .
Rardca 21220F, Jmine. , 0. Q. *
£-24 subcool -330F, Ihr., A M. (o1} -190 -213% . - - -
temper 10%0F, S ydhr ., A C.
B-11 stregs eelevr $00F, INr., A.C. C84 <28 3 . - . -
hareen 33267, Iwmia. ., 0. Q.
svbceootl SJ3OF, 1N, AN
triphe temper 1080F. 2 1:re., O.Q (%)
K-12 sireras relese 800F, Inr., A C. Co4 0 - -
£-12 POOF, 1hr . A.C. (R} (84 ° 0 . . . 109
* 4§ monbs of aging F C. - furnece cou!
0L - longnuding! dircciion A.C. - air roo!
o0 T qranevrrece firection 0 Q. - oil qurach
{R) - recommended tregtement W Q . watcr queach
H Q - hNot quench
7 Wit S CI ¥ R0t




TABLE A-3, DIMENSIONAL STABILITY OF STAINLESS STEELS

Microinch per Inch Leagth Change in

Rock- Time and Cyclic Stability Tests Thermal
:l::“d Aged at 0P Aged at 160F c’:::.x‘ ho."“'
Altoy  Spee. Ko Treatment - ness lmoTr_dﬁB._'hmo. Ii%ﬁ??.—_hmo. 10 -95F xo-‘/°c
go3 15-11.12,19 quonch anmeal  198G% 1/3hr., W. Q. B .8 <% .10 .10 .18 -20 -80
15-2,9,12  streas relieve S00P, Ihr., A.C. [:34) 0 - . c - - (3% ) 16.3
15-14,18,18 130P, Ihr., A.C. B1e ) 0 -8 .8 -10 -1 210
3% cold drawn (a8 received)
1.28,29,20 atreas relieve  T30F, 1Ar., A.C. B8 -10 18 20 .3 -10 -20 -3
7.4,2,3  quenchamneal 1950F, 1/3hr., W.Q. B83 -3 .3 <10 30 -30 43 -30
7.1%,14,18  etadilise 200, 20nrs., A.C. Bes o - Y -2
7-32,23,34 queach aaneal  1930P, 1/2nr., W.Q. D83 10 .5 -10° .10 -t0  -10° .40
7-3,7.9 stresa relieve S00P, ihr., A.C. o83 -9 -8 - «8 -3 - -10
1.13,20,27 1807, 1nr., A.C. o3 ) o 0 10 <10 -1 18
quench annes! 1980P, 1/2hr., W.Q.
stress relieve  60CF, thr., A.C.
7.19,30,31 otabilise 2007, 30hrs,, A.C.-(R) B82 -3 -8 ¢ .3 .3 . - 18.1
S10 33-1,5,8  quench samesl  1030F, 1/3hr., W.Q. B84 <10 <10 <10 -8 -3 -3  -30
_ 25.9,0,0  wress velleve  130P, 1hr., A.C. B84 -3 -8 -3 -8 -85 -10 .30 4.8
416 24,11,13,13 sanest 1600P, 3 wre., F.C.
10 1100P, A.C. P18 -3 -8 -10° .10 -10 10" .18
24-4 harden 1000P, 1/2hr., 0.Q. C4T +18  +10 +8° . . . .
24-1,2,3  temper 43P, thr.. A.C.<(R) C486 -8 -8 <10 B -8 -8 10
24-5,8,7,14 600F, Ihr,, A.C.4R) CH ° o -3 -8 -3 .10 -3 10.2
24-9-9.19 1200F, $hre., A.C. €23 =10 10 i8-8 -8 o101
3¢ 35-6,7,8  ammcnl 18307, Inrs., 7.C. B4 -8 -8 -9 o o 0 )
Nardea 1900F, 1/2nr., 0.Q. €63
30-3,4,8  temper 800F, 1hr., A.C.-(R) _C61 o -3 .10° o o -3 .3 10.3

o8 mouths of aging

{R) recommended treatment

W. Q. -water quench
A.C. -air cool

P.C. - furnace cool
0.Q. - of] quench




TABLE A-4, DIMENSIONAL STABILITY OF NICKEL ALLOYS

Microtnch per Inch Le

ngth Change ia

’::fl'" Time and Cyclic Stability Tests Theremal
Allos Hard-  Aged st T0F Aged a1 180F Criox. (‘:.or‘" ’
v Spec. No. Treatment nces  Imo. mo, 12mo. Imo, Smo. Jimo. to -83F  10°% Of
—_—tt
A-Ntckel 851 cn'ldrawn {as reccived) B3 0 -5 - 5. - - . -
85-2,3,4 qucnch anneal 1525F, 1/2hr., W.Q. BYS .65 -10 -70 -30 - +13 12,9
Z-Nickel cold drawn (a8 received) C29
54-1,2,3 age harden 1000F, Ohrs,, P.C.

10 900F, A.C. cat v 0 . - - . .8 17 4
inconel 371 cold drawn (us received) cwo .8 1o 00 - - s N -
Incone! 173-1,2,3  anncal 1700F, 1hr., F.C. an 0 [ [ [} [} [} L | 12.»

173.4,5,6  stabilize 200F, 24hre.,A.C.-R)BT1 O o -8 o o iy [ 12.1
Inconel anneal 1700F, inr.,, P.C.
185-1,2,2,4 stabilize 200F,_24hrs. ,A.C. -(R)B?® - 3 -3 . o o . -3 12.8
Inconel X  58-1 cold drawn (a8 received) €21 0 10 -10 - - - -
Monel §9-1 cold drawn {as received) ;11 0 -10 .18 - - - - 13. L
K-Monel  58-1A cold drawn (80 received) AS4 ° -5 -8
sge harden 10007, thre., F.C.
$6-1,2,3 to 900F,A.C. c3r -8 -9 . 0 -8 - ° 13.4
Hastal- quench anneal 21007, Ihr., W. Q.
loy B 179-1,2,3  quench asmeal  1980F, Ihr., W.Q, BSS .10 418 -18® .33 .40 _g0® .18
179-4,5,8  stress relieve  S00F, Inr., A.C.-(R) D93 ° o ° e o o ° 10.4
Mi-Spen  80-1A coM rolled (a8 received) A3 -3 .10 0 . . . -
Lo 48 selutionine 13007, 1 1/anr., W.Q.
0-1,2,3  age 1280P, 2ihre.. A.C. €34  -10  -18 18" .13 -18  -30° .30
43N1. 77-1A quensh-sansal 15387, 1/ hr., W. Q. B2 ] (] [ ] 10 - - - .9
MY 77-2.3
Ni-Spen-C 01-1 cold drawn (a8 received) A0 -3 .3 -8 - - - -
solutionise 10007, 1 1/40r., W. Q. . .
01-1,2,%  as» 1350P, 31hrs., A.C. C29 10 -10 10" .18 .18 -18 -30 1.2
Regular  30L-1,3,3 quench-anaeal  1333F, 1/2hr., W.Q. B17 <15 .20 -20 +60 e+ $ -70 KT
wvar S0T-1.2.3 uench-amacel IS3SF, 1/2hr., W.Q. BI? 48 -40 -3¢ .16 .20 .30° 70
Regular  31-17,18,19 saneal 18357, tar., F.C. BY? RTINS 1 - *8 o8 - -18
Tvar $1,1,2,9% quench-aancal 1326F, t/2e., W.Q. BT? -8 -8 - 430 38 - 19
%-3C,D0 stress relicve 1387, 1 mo., W.Q. BT? [ ] -8 -9 . - - -
$1-4,85,6 80P, inr., P.C. 81?7 -10 -8 [ ] -10 [ ] - -10
81-10 300F, 1 mo., W.Q. BT L } LN ] LR } - - . .
81-9 400F, 1 mo., W. Q. BT? +10 *10 +10 - - - -
$1-8 0OF, 1mo., W.Q. BIT ¢35 o8 . - 30 - .
$1-20 800F, 1hr.. W.Q. BT . . < eas e a2s* .
sireas relieve 13087, t hr., A.C.
31-22,29  stebilise 200F, 48hre, A.C. -3 -3 -3 .3 s ¢ .0

24




TABLE A-4, (Continued)

Rock-

Microinch per lach Length Change in
Time and Cyciic Rability Tests

Thormal
‘l'l:lrld t 707 Aged at 1607 C"&‘ oot
Alloy Spec. No. Treatment ness 1mo. mo.. ™o, lmi%r‘\lmo. o -nlsr cl°0" °c
Free Ck  33-1,2.3  cold drawn (a8 received) Bes o o ) ST o .50° .20
Invar $3.42,42 stabilize 200F, 20 hrs., A.C. B98 -3 .5 - -$ -3 - -
cold drawn (a8 received) B9
$2-4,5,6  streas relieve  1200F, 1 he., F.C. B9S -18 -20 -2 0 -5 a0® .
$2-91 200F, 15r., A.C. P93 .13 .20 -20° . - -
$2-32,33,34 200F, Mhre.,A.C.-(R)B9S -3 .3 .3° 0 .3 -8 .10 1.8
53-7.9,9 300F, VN, F.C. B9S .13 .20 -30 -20 -20 .38 -18
$3-30 400F, 1hr.,A.C. P95 .3 .38 .s* - « . .
32-10,19,20 quench anneal  1525F, 1/2hr., W.Q. BI8 - 3 .10 .10 -40 - . -10
81-19 stabilize I1S8F, 1mo., W.Q. K78 o o ) . - . .
33-36,37,38 100F, 20hrs., A.C. P18 .35 .35 .30° .8 .8 . 0
82-1% 200F, 1 mo., W.Q. B78 0o o0 -3 . - . N
82-11 I80F, 1hr., F.C. RI8 .S .10 -10 . .. .
$1-18C 300F, 1mo., W.Q. R78 .10 -10 .18 . - - -
8217 400F, 1 mo., W.Q. R78 0 -3 -9 " - . .
$2-21 800F, Tmo., W.Q. N -3 -8 -10 . - - -
$2-27,28, 18 anncal 1528F, 1,2he., F.C.BT8 .16 .8 .20° . -5 .98 .18
31-39,40  stabilize 200F, 20hrs., A.C. H1? .85 & - . -5 - -
Free Cot 86-19,11,12 cold drawn (as received) HA?
inavar stress relicve 1200¥. thr,, F.C.
stahilise 200F, 4Bhrs., A.C.-(R)BS9 .10 -10 -10° . § -8 os .3 2.0
$6-7,8,9 quench-annesl 1328F.1/2 hr. W. Q.
stress relieve 1200F,  hr., A.C.
stabilise 200F, 4Shrs., A.C.(R)BT? .3 .8 -10° . ¢ o -10
§6-1,2,0  quench-anaesl 13237, 1,20r., W.Q.RT8 .20 .20 -28° .20 .20 .20° -2
4,5,6 stress relieve S00F, 1 hr., A.C.
stabilize I100F, 8 hrs. A.C.B78 .10 -10  -18° .10 -10 13 <10
Super cold drawn (a8 received} | ]
Milvar 9.1,2,9 anacal 1323P, thr., P.C. D97 -10 - - -3 - +25
stress relieve 1300P, 1hr., F.C.
03 stabilise 200P, 34hrs., A.C. 0.8
3RI- _TE1,1.5. _ewanch-asmeal 1823F, 1/Ihr., W.Q. B8 G +3 +3 ryy - - <88 3.4
®re
Wi-Span- 62-1 cold drawn (a8 received) AS2 0 -10 -1 - - - -
1) solutionizse 18007, 1 1/4 hre. ,W.Q.
€2-1,2,3 age 13507,300re. ,A.C.o(R)C30 -8 -8 -8° .10 <0 10° .0 1.9

* & months of aging
(R)- Recommended Trestment

W.Q. ~ water queached

P.C. - furnace cooled
A.C. - sir cooled




TABLE A-5., DIMENSIONAL STABILITY OF COPPER ALLOYS

Microinch per Inch Length Change in

Rock- Time and Cyclic Stability Tests Thermal
Hard- Aped at 10 Aged at 160F A
Alloy Spee. Lo, Treatment ness imo. 3Imo, mo. 1mo, mo. 2mo. 10 -95F 10‘“./°C
85Cu-82n 20-1,2,3  cast (a8 rceciverty ras8-71 «10 -45 -42 -10 -8 - s. -13 17.2
-55n-3Pb
Beryllium solutinize 14307, 2 hrs,, W. Q. 0
Copper 31-4,5,8 age S00F, 2 hrs., A.C. C37 0 0 - 0 -8 - -5 15.9
solutionise 1400F, 1/2 hr,, W. Q.
31-1,3,3 age QISF, Ihrs., A.C. CI¥ .15 .15 -20 0 0 . =10
Beryllium  47-1,2,3 cast (as received) B2 18 -20 - 7 .10 -10 -lO. -1C 15.3
Copper solutionize 1430F, 2hrs., W.Q.
47-4.5.¢__ agc S00F, 2hry,, A.C, _CI6 - - - - - - - 1.0 __
T0Cu - 41-1,2,3 cast (as received) F30-%0 .30 .30 -30 35 -45 -50. -30 18,1
30Zn
Aluminum 43-1,2,3 cast (28 reccived) Fés-90 -10 -18 -ls' -10 .15 . -3
Bronze harden 1625F, 1hr., W. Q.
43-4,%,8  temper 1000F, 1hr. .1.0. B4 -10 -10 s »10 -18 - -85 162
Nickel 46-1,2,3  cast (as received) r80o -3 -30 -33 «10 - .19 . -2y 15.%
Silver .
§ months of aging W.Q. - water quench
(R)- recommended treatment A.C. - air cool




TABLE A-6. DIMENSIONAL STABILITY OF ALUMINUM ALLOYS

Microinch per Inch Leagth Change in

Rock- Time and Cyclic Rability Tests Thermal
well Cycled Expane.
Alloy  Spec. No. Treatment :':::-lmo, ‘gum'.l !'!O:o. lemo. ;m.;.“o'hno. 10 _S.G;X' f;. )°C
20;7
(17 3) aolut. mine $40F, 2nrs., B W.Q.
143-1,2,3 age T2F, S rs., A.C. PO 0 -0 -18 -10 <18 -20 -5
solvtioniae 840F, /2 0r., W Q.
. 143-7,2,9 age ISOF, Lihrs., A.C l" -3 -3 . -3 - 3 - b 21.9
2034 31-13 anneal TSP, L., F.C. Pal -10 -10 -1$ - - - -
(24 8)
21-1,3,2 solutioniae 8207, 1;/2nr., W.Q. BS2-TH +935 <80 :‘8 +3% +23 '20. £2)
231-18,17,13,22 »age I79F . 12nre. AC(R)BTT -3 -8 .8 8 +10 *10 -8 1.3
21-1%,20,31 400F, Ihr., A.C. B70 « 8§ 10 *30 L% + 10 +13 *18
21-28,26,37 400F 2nre., A.C. | 214 ] *+ 3 + 35 - . " -8 - )
volutionize $30F, 1/2he. W.Q.
21-1.0,9 age 3007, 30Mrs., A.C. BT2 -1 -  -20° -i0 - -10° -48
0B 140-1,2,3 age 305, 10ars., A.C. B0 -390 - . -30 - - + 3
WH  361-19,30,21  age IOF. S3hre., A.C. BT® .3 -10 - -30 38 - -10
so'utioniue 020F, 10 hra., W. Q.
141-1,2.3 age JOOF, dhre., A.C. | 3] -20 - - -48 - - -10 -1.8
141-10,11,13 3007, 2 hrn,, A.C. B62 -5 -8 - -15 -3 - 0
4049 s .
(43) 2%-:,2,9 cast (as received) r10 - -40 .88 - -is -20 .8
16 46,5,¢ S3OF, Inrs., F.C. B7) -13 -20 -3 -3 -30 -35 -15 1.3
20-1,8,% GOF, 2rs., W.Q. BT .10 13 30" -30 .38  .40° -190
(‘:l“.) 18-4 sanesl WP, 2hra, F.C. PIT .10 16 a8 - - . .
10-5,6, 1 solwtionise PTOF, 1/3hr., W.Q. B3  +30 +20  +38  +70  +80 - -28 20.0
19-14,18 16 age 3C°F, 22 hrs., A.C. DPeS -1 .10 . -39 -30 - -40
18-17,18,19 3SOF, $hre. . A.C, BsS -18 -18 + § + B - -30
78 19-4 aaeal TISF, I r., F.C, rse -8 -3 -10 - - - -
os® 95,67 solutionize 90607, 1/3nr., W Q. Bes-68 -10 -30 -3§ -150 -200  -27% -0
age 3IS¥, S Ars. . A C.
19-8,8,10 stabilise 210F, ¢ hre., AT, Bl ~-3% -30 -39 - - - -30 22.1
193 37-1.2.3 cas. (- ¢ received) Fes -20 -2 b} ) - -23 -JG. +10
27-5,8,7 sclutionize P00F, 2 hre , B W Q. -85 -9 -80 -0
27-14,15, 18 age 0P, A hra., AC. Bes -1% -3¢ - -3% -43 - -13
27-11,12,13 3107, 22 kre. . A.C P90 .10 -1C - -15 ) - 18 2.,
7.4 anneal $SOF, 2nrs . #.C. F26 .35 .60 -#n0° - ; .
xry 20-1.2.3 cast (a8 received) Fro . T sy T as
28-4,%. 8 stregs reficve 440y, Onre , F.C L4 } 5 s - o] +18 -1%
sohwionize 100068, 1T hre. , W Q.
28-30.2.. 12 age 460F, Shrs. F . C. B3C -8 - v 3 LI ) - -10
solutioatar {1000F, Ihre , W . Q
28-17,18,19 agr ¢40F B hrs , A C B0 -8 10 - -8 1 - -290
20iviionNIRe 1000F, Thre , B W Q.
38-0.0. 0 g N19F, enra. A C.(R) B 0 0 .8 0 - - u 8
“Apex Teon. T A I
slloy § 132-1,2,3.4 sireas roluve 400F, Bhre. . A C. F1 a .t H e i T « 3 1.2
* & monthe of aging B W Q . builiimg eater quesca wW. Q. - water qurach
{R) - recomme ndrd boat treatment A C. 0r cool ¥ . C . furmace vroo!




TABLE A-7. DIMENSIONAL STABILITY OF MAGNESIUM ALLOYS
Microinch per Jach Leagth in
Rock Time sed Zyclic Sability Teste Thermal
well Cycled h'?n
Alloy  Spec. Mo, Treatmomt e 1m0, oo THoe. 1wit¥os Mo, 1o -MF 100/
Dow H 30-1,2,) a8 cast (as received) '4 2}
30-10,20,21  stress relieve 30OF, 4 hre.. A.C. K37 .20 .2¢ -23° .20 -20  -is° 10 1.1
solutionize 1307, 8 hrs., A.C.
30-13,14,18  age SISP, 18hrs., A.C. B 1% a8 -1 30 -0 -20° o 380
£0-16,17,1¢ B00F, 4hrs., 2.C. KW .10 .20 -23° .8 .38 -as* .10 381
Dow 0-1 wrought (as received)
33-34,15,16  etress reiieve 40OF, dhrs., A.C. K4  -20 .28 -238° -8  +18 20° 0 340
seiutionise 180F, ¢Ars., A.C.
$3-15,10,30  age 30F, 10hra., A.C. E61-84 -18 -15  -18° <18 18 -10°  e10
33-21,22,23 S00F, 4hrs.. A.C. F61-84 -18 -3 -30° .30 -3  .28° 0o 4.1
Dew X extiruded (a8 recetved,
23-16,17,10  ciress rellove  SCOF, 1/4hr., A.C.o(R) 36 - 3 -10 -10° + 8 o108 10 .10 363
Dow J-1 wrougt (a8 received)
36-10,11,13 otress reieve BOOF, 1/4hr., A.C. B&S -10 -20 -3¢° .18 16 .18’ -8 2.0
cast (a0 received)
Dew C 180-1,0,9 otrese reliove S0OF, éhre., A.C. ET¢ -3 10 -18° a8 g0 20" - s
solwtionise 1507, 30ars.. A.C.
109-1,2,3 age A20P, 14hrs., A.C. BSI  -10 10 -18° 40 40 -4’ a8 346
168-4.3, 8 8087, 4 hre.. ALC. BAD 10 13 -20° a8 10 10’ -8 3.4
Dow AL cast (a8 receteed)
MC 110-1.3.3 strees rolbeve 40CF, Ghrs., A.C. ES4 .20 -30 -40° 30 3¢  -30° 10 34.3
Dew extruded {ec received)
P81 171-1,3,3 ~ress relieve  300F, 1/4hr., A.C. BM -8 -3 -10° .0 .10 -n’ ¢
¢ § momthe of aging {R} - reccmmended treatment A.C. - air ce0l
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TARLE A-8. DIMENSIONAL STABILITY OF TITANEJM ALLOYS

e Py iy i = A
::ld- ot 0P o 1007 °¥’&“ Coof.
Aoy  Spec. Mo, Trostment mes imo. T@o, timo, meqﬁ_ﬂ'h» 0 -2 10°%/°C
TITSA 132-1,3,3 hot rolled (a8 received) Mo -10 -1% - -30 -1% - +10
193-10,11,12  stress relieve 400F, 1 hr., A.C. T o 0 -3 o o .3 *20
193-4,9, 8 S9OF, Inr., A.C. "0 o -3 - ° o - s 8.6
132-1,8,9 1000F, 1., A.C. N ¢35 . . +8 - . +30 o
T4 100A 139-1,3,3 sermalize 1S00F, 1,20, , A.C. CO -8 -8 - .10 -10 -8
139-4,0. ¢ harden 13807, 1/30r., 0.Q. C82 I - .13 -30 - . 8.2
130-10,11,13  otrese relisve P, sars., A.C. [of 3] [] ] L] -8 .10 -18 [ ]
~120-1.0.0 SOV, Ihr,.A.C, -(Ri C3) 9 9 9 o o [) Y X
82T1-5Cr118-4,8, 0 coud drawn (a0 recetved) €1 o0 2 0 +8 +5 +85 -
« JAL 1.3,2 anmes! 13007, 3hre., P.C. C34 -10  -13 - -10 .19 - -18
1.8.9 otebilise WP, Iar. AC.-(R)CM -10 -10 -10° o O °° -8 &
® ¢ momde of aging A.C. - air cool
{R) - recommonded treetment 0.Q. - oil quench
?.C. - furnace cool
TABLE A-9., DEMENSIONAL STABILITY OF MISCELLANEOUS ALLOYS
Microinch per lach Leagth Change ia
Rock- Time amd Cyclic Rability Teste Thermal
R gpeat T oI
Alloy Spec. No. Trestment sees lImo Hm 1%5—-“” to -93F 10" }°C
Qray Cast
lren 48-1,2,3 88 cast (a8 received) | _}] -13 .10 3 -3 -8 N1 -30 19.3
Mimeve r .
Cast irea 48-1,1,3 as cast {aa received) et [ I ) *30 +33 +38 +30 - 4.2
EE.OQQI 19-1.2.9 sistered {88 recvived) ¢ - - ¢ -4 - - Y
Kommsanetal
[ ¢ 1 *-1,1,) sinstcred {as received) o -3 - 0 ] - -3 4.8
Kosanaactal
m 73-1,2,) Mmtered ~ {as reccived) - [] 9 - . Q [4 - - * 3 4.3
Pogy Ww 17913, simered  {es roceived) c:% -3 -8 -8 -10 -10 "9, -8 .0
Nnrided 14-1 altrided 9737, 68 hre., F.C. 34 -10 -0 138 -1 -16 .10 -18 15,3
Wuraliey 14-3 sresu relieve 1300F. 1N, A.C.-(R) H” o o ° o o ° -8 1.1
128 med.

* & monthe of aging

cane hardness 15N ocele
{R)- recommended (resiment

e
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TABLE A-10, RECOMMENDED HEAT TREATMENT FOR OBTAINING HIGH DOAENSIONAL
STABLLITY IN SELBCTED ALLOYS

Rock- Teermai
Inttisl Desired Heat Treatment a:tl‘,‘ c‘:qu“ ﬁ'ﬂ. M"
Alloy Condition Cosdition wess 10°9 % 10%ei I’é’
1112 steel  cold drawn  otress r.lieved S00F, 1 hr., A.C. Bes 11.8 3.9 16. -
or 1200F,. 1 hr., A.C. | 1) 11.8 30.4 3.0
1045 storl  cold drawa stress relicved 12008, 1 br., P.C. [ 2] - - -
asacatod a) 1380F, 1/2r., P.C,
8) 300F. LAr., A.C. DOO 1.2 . -
1144 steel  hot rolicd annerled 1980F, 1/2nr,, P.C. Bes - - -
hardenad and a) 1580F, 1/3ar., 0.Q.
tempered b) 11005, L e, W. Q. c23 - -
4140 steel  hot rolicd asmesled L1850F, 1;inc., P.C. | 14} . - .
hurdened sad a) 1580F, 1/32ar., 0.Q.
tempered b) 1000F, 3hre., A.C. €20 - - -
10100 steel nawaled nardenrd and &) 1480F, J/Ehr., W. Q.
tempered” b) 3OF, 1hr,, AC. Ce4 e - .
lnreoe
Die Steel annealcd hardened and a) 148¢CF, 1/20r., 0.Q.
temper.a® b) 200F, 1Ar., A.C. C8§ 1.9 . .
Tuagsten annegled hardened and a) 180OF, 1,20r., 0.Q.
Die steel tempered” B) 300P, Inr., A.C. C#3 n.s . .
$2100 steel annraled hardencd and a) 1350F, 1,2 0hr., O.Q. -
tempered” B) 230F, 10hrs., A.C. C83 - -
or 4OOF. I hr., A.C. (o } 11.9 - .
High C sanraled hardenrd aad aj 1830F, 1,2 0., A C.
HighCr tempered” b) 300F, 2tre., A.C. €83 10.3 . -
Dic stee} or 300F, 2nre., A.C. C6) - - -
hardened ond 8) 1900F, 1,2hr., A.C.
wnpn‘. b) -320F. 1 hr., AN,
c) 9OF, 1nr., 0.Q.
d) Repest b) and ¢)
four timcy
e) <30F, 1 nr., A.C, Céo 10,2 - .
M-2 High onncaled hardensd arA a) 2220F, 3 mia., 0.Q.
Speed steel tempered” b} 1030F, 2 1/1 Kre..0.Q.
c) repcat b) three times
4) S0OF, tar., A.C. [of }) - . .
303 Msinless cold drawa quench ramealed a) iPSCF, 1/24r., W.Q.
steci and strees h) @O0OF, 1 Ar., A C.
relieved c) 3007, 30hrs., A.C. B2 18.1 11.9 10.9
310 Rainless quench-asnesled a) 10507, 1,2 0hr,, W.Q. -
otoel asnd stress t) 80P, tr., AC. 984 14. ¢ - -
relieved
410 Mainiegy hardensd and s} 1000F, 1;20r., O.Q.
steel tempered D) 430F, 1 hr A C, [of 1] - - -
or S0OF, 1ar , A.C. (el *0.12 3i. 0 i0. 8
440C stainless anarsled hardonnd ond a) 10CCF, 1/30r . 0Q.
Moe!l tempored 5} HOF, iar. A C, (o ]} 10.3 . -
Z-M'-%el cold drawn  age hardensd I0LOF, dhre. . P.C.
te $OOF, A . C. [of 1] 12.4 1.1 114
lncone! cold drawn  smnesied a) 1TF, tar., F.C.
») 2000 .24ars, ,A.C B7:-79 1.7 30.1 19.9
- Mome | cold drawn  age hardencd 10007, O hrs., P.C.
1o $00F, A C. c3v 3.4 18.1 e
Rastslley B cast ¢ oeech - sanea led a) J100F, I A7 W Q.
aud sirees b) I99QF, I ar. L W. Q.
relieved c GCF, 1 hr., A.C. »es 10.4 - -
1¢gxhr coM S awn  stress relieved a) 1200F, i ar., A.C.
lavar b} JOOF, 48 hre., A.C, -
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TABLE A-10, (Continued)

Rock- Thermal
Instial Deeirad ::'ld- Coel. lue ey
Alley Coadition  Cendition Neast Trostment wee 10-8/°c m :’:A
Free Cmt cold drawn  siregs relisvd a) 13000, 1 hr., P.C.
Savar b} 200P, 20hre., A.C. ROS-08 1.8 2.0 4.3
cold drana quench-onnesied x) 1588P, L/30r., V. Q.
b) 138F, Lt i, , A.C.
c) 300F, 48 hre., A.C. BTH ~ - -
i Bpan- Wi col drawa geluticaised a) 1000F, 1 1/6Nhre., W. Q.
and aged §) 12308, 28 hre., A.C. [o¢ 1] 18.8 - .
Boryiliom-  coM drson  seiwtioaised a) 14507,7 hre., W.Q.
Copper and aged 8) 000P, 3hre., A.C. C7 15,9 19.0 8.8
M1 9 solutionised selutisnised a) MOFi/20r., W Q.
Amront, sud agod b) 3P, 1ihrs., A.C. BOY 1.8 - -
2004 (M4 9 solutionised solntionised a) NP, \/2nr., W.Q.
Alsminum alicy and aged ®) ST, 1ibrs., A.C. BN 3.8 16.8 2.0
or 400F, 3 hre., A.C. 813
308 Aki. lnem cast solutionisrd a) 1006F, I hre.. B.W. Q.
olley sad aged 8 31GP, 4bhre., A.C. ] 20.8 10.% 13.0
Lo M Magesive eniruded siress relioved P, 1/60r., AT, | 1] 24.2 - -
alley
130A Thenivm het rellsd nermalised 19800, 1/2 k., A.C. (o 1] - - -
slley
hardence and 8) 1850F, 1/3 ke, 0. Q.
®roes relicved ») S00F, 1 hr,, A.C. [of 3 ] 8.3 - -
$2Ti-8Cr-2A1 coM drava ennvaled &) 1330P, I hre., F.C.
Thonivm sod eiress ») SOOP, 1 Ar., A C. Ccn 8.0 - -
alley relirved
M ralley aftrided stress relieved 10007, 1 hr., A.C. 15M%4 13.1 - -
130 mod.
‘Trnl-u rocommonded A.C. - air coel W.Q. - water quench
if service tempersture F.C. - furnace cool A.R. - air heet

te maintainsd at showt TOF, 0. Q. - ot] quench 5. W._Q. - beiling water cuench
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TABLE A-11. CHEMICAL COMPOSITION OF ALLOYS LISTED IN TABLES A-1 THROUGH A-10
1. P cm-gu-gm

Avey c W
$113 618 0. 00
1000 .19 0.0
K1000 .17 0.8
1 .8 o
1164 0.é1 1.8
(10 ] .58 0.0
0 . 0.0
" (8 NN
Teel Roole
Aty L.
10100 1.90 0.8
wiee 1. o
tangaasesDis 8.04 1.17
Twagston Dis i. 34 0. B8
81100 ol on
e (N NN
;| 1,06 0.0
83 1.00 0.9
1C-8Cv 1.00 0.81

? Bigh C.INghCr 1,34 0.90
o B C.B@Cr 1.00 0.53
8 M-8 Mg Bpeed 0.9 0.0V

B Dainisss fevie
Jn Al £ »
15 e .08 0N

T " 519 0.0
% 11 .10 1.0
e ae .13 0.4
¥ &C .08 0.9
V. Mishe! AH!
Ne,  Aley <
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179 lacear! [ N =
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TAREA-11. (Continued)
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Data From R-137, "The Properties of
Motals and Alloys of Particular interest
in Precision Instrument Construction;

Compilation of data from various handbcoks
snd other sources, by L. M. Schetky,
January, 1937, lastrumentation Laboratory,
Massachusetis Institute of Technology,

Cambridge 39, Massachusetts.

The compilctions in this report were taken
from various pubiished sources. The data on
slastic limite and dimensional stability were
taken irom Report R-93(6), although in some
" cases differesces in results or treatments can
be noted. The units for the various parameters
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The data for dimensional stability are pre-
sented in abbreviated form to show (1) the
exposure condition: RT, 160, and cycle, meaning,
respectively, exposure at 70 F, 16C F, or cycled
ten times between -100 ¥ and +200 F (note differ-
ence in cyclic exposure from that repcrted in
R-95), (2) the dimensional changa in microinches,
and (3) the exposure time in months or ysars.

TARL A-12, PROPERTIES OF METALS AND ALLOYS OF PARTICULAR
INTEREST IN PRECISION INSTRUMENT CONSTRUCTION

iacluded are given as follows:

Density

Thermal Conductivity

Resistivit;
Spaecific Heat
Magnatic Propertiss

Linear Coefficient
of Expansion

Hardness

UTS8 (Ultimate
Teasile Strength)

YP (0.2 Per Cent
Ofigset Yield
Steongth)

Elongation {in 2 in.)

Modulus of
Elasticity

Elastic Limit

Elastic Limit/
Deneity

Modulus of
Elasticity/Density

Gzrams per cubic centi-
meter

Calories par square centi-
meter per centimetsy
per degree centigrade
per second

Microhm -centimeter
Caloriss per gram

Either indicates parmea-
bility or whather mate-
rial is or is not magnetic

Inch per inch per degres
centigrade

Rockwell scale ag indi-
cated or Brinell scale
as indicated

1000 pounds per squara
inch

Stressin 1000 pounds per
square inch to producse
0.2 psr cont offset

Per cent

1,000,000 pounds per
square L. -~h

1000 pounds per square
inch

(Pounds per square inch
per gram per cubie
centimeter) x 10-3

(Pounds per square inch
per gram per cubic
centimeter) x 10'6

[ 2:( 8
Rosenmended Uor
BT Wiy A doop hasdosiag, hard, tough mevl. Moy be coppiv bruand sad
W-3-1p hwrdonsd ithus escoonive dict anion.
Cycle - 9
few Trostumn for
tesinun dincesisssl webilicy
Prosadons
ndeiol condision: b relied
Aangel 19907, 1/] b, fumace cond, 119077, 1/1 tn, oil guench
MOPF, 1 e, ok cvel
Pysiod Propotins: Machanissl Praparvios:
Sunaiey .48 Mardamen nc
Thormet sondupriviey [ ] uns w
Rossasaiey ns P AN offem) 1.
fpanie hnes (¥17) Dangutes (2 0 ) 1]
ognetie praparries you Madulys of slagtioiey »
Cosllaint of aspmsion 1.1 Blensie Hast -1
Chamsie limit/dons. [ R
thod /duna 3.7
0 STRR.
Roprewmanded Une:
Y -0 ip A suser bandusing mes: . bove high hevdusun, bigh sreagid 1o drswed.
Sabitiey fner
Moer Voot for
. & | ey, and bagh harde
Fisondun.

toinegl condiskan: samseind west
HIWPP, 1/) &, wmer puench
POV, ! o, o cond

Pyaed Prepatice. Mnchanies! Praparsos

Durvnery i Werdiase [
Thusnl condoativety [ 8 44 yts ~ v~
Ronennny n2 TP 2 sden) -~
fpsri how e Thongetnen ) -1
ingute grapareize yoc oduius of elagreny ~m
Coofirrant ol sapanesen 118 Thomne loass -~

Elamong vt dame tLy

ted dama {141

MTRALLOY - 19 aOOPED
bw% )
[ 3 S I Tor oS0 VAL CHINEe SUar MoLE ANy 13 Soswed. §acciien “dulny.
e -¢-1w
Corbe - %

How Yrammpnt e
L ol soboluny ¢
rongh © @ weserase

ek 3 come barduned,

Souteni ¢ omce: n aavrded
Swens reinevad MIRPPT . an < api

Prcont Prupwras Unbmmecel Praparnes R
Oumarry iF Mardies 440 cwwe)
Tigmmel sonduatroin [§¢ ] Ty 3
[ n» YRR oMaw! 181t
fponhe how aihal? Clangatian (7 = "Wl
Nagmpnc grapanves vor Sadubus of siaan ooy e-%
Canlhc.an of sapamsen 7 Brasine bomrt S

Croame fumet duma TR
Wad dens 18




Qesvasmded Yom

Web-fae Pooo aeshising, bavdoerkle plnie cabon grasvel parpese smvel
W-0-3en

Sonsmmendsd Uos:
Nevers, geasrsrere, ransiormers

Coole = 4
oe Voommume bo: oot Toommne 1.
Wasinen dhmengionsi webility wish aodi i poap - wngastic prop
Aowbon Prcsdne
laisiel ovadicin: hov sulind Ansval 1309°F, | b, fwvance cosl
199977, 173 e, olf mensh
19007, | i, s euat
[ - Uvhpiost Pragpmoton: [ TT] S—— Sedhanca Proporieon:
Gunaley . Nodwes i d Ounsiey 1A ) Veodnasa ne
Vomausl oondustiotey ain (13 ] Thamsl eonduottvity (¥ urs 18]
Sosiattviey 139 P 8.1% olfem} " Roneiuity [1] P (02N ofiem) 044
fpnatfte bewe (8] Gangsten (1 1) “ fpsnific how o Elongation (2 1a ) e
Uhgraite pupentin o Sadive of alew: cioy » Magaetie prapartios » = 0 appres Moduive of slosh ety -»
Casfiotont of sepumaten nt Bloans tomie -» Coslicion of sapmpion -1 Elotic ot -0
Sloang |imiv/dume .41 Elosne livut/dome. (X¢]
tind /dunn ¥ ] Nod /duas 3.4
0 ST W STEm
fResurmenisd Vor Aosemmended Uss:
[ LIRS Y As o darducnebie plase casben meel AT -0-1p A low carbm. foor acieteag wivel of medorats svwngth and
0 ~-t-me 1M-0-ip pend mabilay
Cyeie - 3 Cpele -~ 4
Mowt Trummoust b Hom Toommant for
iny & 3 sabelary teninew dimsasisal stebilisy
Pruadps Provedurs:
ot candinoem: cold drave lnirial condusen: cobd rolbed
PP, 112 w, teaace cosl Sovese robind B00°F, | Me, 2 tenl
MNP, 0w, o conl
[ ) - Mushamicel Prupetion Pysied Pragustion: Mochmecd Propert:os.
Sunay " Mudness e Comay . Nerdnoes ™
Thasmsl gandati vty o T n Thwnal comdustiniey [V} ] L34 [ 34
L Y 1.9 P 418 offow) » Rowaswsy 124 YP (0 1% offomn) "
“sancthe host [ §1 ] Ciongetesn T m ) » Toonilic huw RIL Elangones (2 m ) 1A
tngmeiie progaries yee Undubes of cbamerioy » Mngaussc prapersies yoo Nuduies of olesnrcity P X}
Confh oo of srgmnasen [1%] Flomne least ~17 Casllsat o} copamesen 39 losnc tumt 3}
Eloane bt -dume v Floste le) duna 8.03
ed ame. 3.8 Mod dams .62
* Acnpuled peog. N
WLIO STOM. % TeRt
Rusemmendnd Los Secenmandud Uss
&Y -9 A sagitmwe woel, iy b b eguinag e imes. Conrrnt aror: <ol N pustweviorty mabie.
3
Naw Tioummare bor Mo Tromn— b
L aage. - grap Some
Povsnie Pesasbine.
Acaeel 19OV | b, hssere rend Cobd madtod. W sumweied moe HWY, | .
Pyes Poswnes T&‘-dh.-t-s Prrgiont Prapetios. Wechunacsl Prapares.
A ] i Yawdowen b, Ounaury ™ Maydune L]
Marwel senductviey o Lia] @.n L o [§73] vrs ™
Soestiteicy » S A M oo b2 [T 2 1.9 YP &N olive) [
Yanlly Jos wil Enageian 1 &} T4 imebe tow [ 81 Blasgetion (1w } »
Nagtety prapertes » - M0 aggeer indvies of daticy -» gt papartos 5 - M0 o Wodobus of shasneiry )
Coslhagums of supmases -1 Blousia o - Cosllamt of sopamenen 1.2 Plasne it -
Slamite bamiebma 1.9 Tl omie drea (7]
B L ¥ N ¥ 3 Ned dens ]




A-19

TABLE A-12. (Continued)
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TABLE A-13, AVERAGE PRECISION ELASTIC-LIMIT
DATA FOR VARIOUS GRADES OF
Deta From "An Investigation of the COMMERCIAL BERYLLIUM
Precisien Mec al sties of

~ Several Types of Be
Several [ ] ", Avsrage Precision

Mesn Compoasition Klastic Limit, psi

wT.J '.":1- ”:‘;::‘u:""' -200 100% virgin 2200

””ﬂ Neo. “l-!zo. mu 4, 1960 -200 Standard product .on grade 2663

-200 60% recycle + 40% virgin 4100

-200 100% recycle 4300

This report discusses the mechanical prop- Subsieve  100% virgin 4313
srties of beryllium of importance to gyro appli-

cations, and presemts data om precision elastic -8 100% virgn 6800

limit, microcreep limit, and the dimenmsiomal -200 Dispersed iron alloy 6833
wde '

w ¥ stress for several .'*. of Subsisve  100% recycle 11167

commercial beryllium.

TABLE A-i4. DATA ON PRECISION ELASTIC LIMIT, ELASTIC MODULUS, AND MICROCREEP LIMIT
FOR SPECIMENS OF COMMERCIAL BERYLLIUM

Grain Sase, Grain S1se, Density, Denaity, Elastic
%BsC L 3 >1e) microas micre. ¢ g/cc g/cc PLL, Modulus,
Mook Composition {GMR) {(Brush) (GM™) (Brush) (GMR} {Brush) ps1 miliion ps1 MCL, pm
-108 1OOR recycle .61 2. 19 1.3 19 1.004 1.8%8 4,000 4“" 7,800
-300 Ditte 2. 87 2.1 11.) 19 1.866 1.858 3,500 45.2 10,%C0
<200 " 2.9 2.2 0.7 20 186l 1.8% 5,300 436 s,000-1),000
-3268 " 2.9 2.28 4.7 20 1.801 1.8% 5,000 40 7,900
-110 * 2.9 2.8 13.6 24 i.807 1.058 4,%00 3.4 5,000
L0 " 2.9 2.8 13.% 2} 1.807 1.9%% 3,300 0.1} 7,%00
-1l 100% virga t.39 1.03 1%.1 23 1.859 1.85 4,%00 45.) 4,700
-110 Dutto 1.3% 1.03 i%.1 21 i.8%9 1.8% 1,200 36 1,600
-110 » 1.%% i.28 le. 4 21 1.849 I.846 2,100 42.4 4,500
-11Q " 1.%% 1.28 1. 6 2! 1.849 1.840 1,560 36 4,500
-110 » 1.8 1.06 -- 23 1.860 1.881 2,530 4“4 7,000
-11e " 1.48 1.08 - 21 1.860 1.851 1,7%0 39. 6 4,%00
-318 0% recvycle
40 virgia 2.8 2.48 10.37 22 i.8e0 1.8%% 7,500 396 8,000
-1:8 Dute 2.8 2.48 10.97 2l 1.800 1.8%% 300 -- 12,%00
-118 " 2,41 3. 31 .- 0 1.882 1.843 +,500 49.5 9,%02
«110 i .45 3.3 -- 0 1. 80l 1.68) 3,000 4.1 9,250
-118 . L 2.%7 2.3 11.9%% 19 i8S 1.841 s, 700 43.% s, 700
~1i0 - 2.7 O §] It s 19 1.84% 1.0%1 2,500 171 9,000
-33% 1000 nirgin 2.8¢ 2.8 -- 0 1,801 1.0%8 7,000 44 T, 000
-323 Diste 2.80 1.3 -- 2 i.80] 1.3%% 3,000 43.1 11,%00
-328 » 1.80 2.1 11.08 iv 1.8%¢ i.3%) °,500 404 ?,000
-31% bl 1,08 2.1 i1.08 1K) 1.8%4 1.a%y 7,080 $4.9 11,590
-313 & LN 2.29 9. 17 1.860 1.849 6,500 45 7,000
91 " I 2.29 9.} 17 1.868 1. 849 7,000 44} T,%00
8. 8. 100% recycie s 01 S, 09 .- 10 1.879 1.69% Is, 000 44 37,109
' Ditw .91 1,89 -- 10 i.479 1,898 9,500 7. 23,800
8. 8. s [} 4. % 3. 8% 0 1,817 1.87s 11,000 472 23,860
A8 " [ 78 3. 50 $. 0 ] i.877 1.87¢ 8,400 4). 04 29, %N
s. - .08 5. ™ 16 Y i.ats 10,900 5.4 11,500
s. 8. - . 00 5.9 - 1o il 1.87% 12,000 4“8 19,500
-100 Ds."'..‘-h‘. 1.8 IPR} -- 17 1.872 1.8%5 3,000 41.7 3,700
Fe Alloy

P Ditto 1,8 (9 31 . 17 1.872 1,895 3,000 §). s iy, 706
-308 - .13 2,81 -- 'Y 1.80) j.870 7,800 43.7 ie. 000
~38& " 2.1% .81 -- i1 5. 80 1870 7,500 4. 12,900
-~200 = 1.7 1.8 .- 5 1.a78 138 ¥ 31 &, 000 a0 12, %20
~390 lod L 1.68 - F3) 1.8 1.6s} &, 50C 42.3 8, w0
[ A W 1900 virpa 448 3. 80 - is 1. 881 i. 076 ., $90 48 7 10, 050
5. 8. Danto 6. 48 3. 40 - I8 'y 147 4,509 $1.2 3.300-11,%00
5. &. " 3.3 [ e ] - ie 1.8%% 1.83%% 4,000 4.4 4,000
5. 8. v 3. 38 2.1 -- is i.82¢ 1.6%9 2,300 . 11,300
s. 8. B IR T 47 - is 1859 1.688 4,000 A2 s, 600
5. 8 " ;e yoar .- iy 3L I esa 2,59 AT e 14,8038

*The term "dimensiomal stabdility” as wsed here
danotes slow plastic straiz at etress levels
below the precisiom elastic limit, This strain
is more commeoaly denoted ae creep,
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TABLE A-iy. DATA UN UDIMENSIONAL STABILITY UNDCR STAESS (CREEP) FOR COMMERCIAL BERYLLIUM

Ceaurnsr.ial
Onrzo
"

Onute Cra:n'$ za, Dansity, Test
Meax d:ze Lunlent, % FLy Stress, Total Test Total Strain,
_and Crade MR Brosh GAMA Brush GMR_ Brush  pu Time, hrs ,»-in._in. Remarks
Jid, UM rev o le Y N Y T iy L.ece 1.8%8 3,600 508,95 v .9
%itto MR T .8 a7 S0 L.8ol ),854 3,200 408,95 * 6.6
. S 2.e8 L5.n b 1.8e7 1,855 3,400 470.5 +97.9 Specimen stress ralisved and retested
S, 9 sirgan 1,39 | PEVE T C Y 21 1,859 1.4% 3,800 803 +41.4 Dutto
Latie 1.5 b2 lv. o 2% 1,849 1,840 i,700 47 + 1.2
" . %5s 1,00 20 1,860 1,851 ), 645 420 - 2.9 *% BaO vedetermined Lo be ). 20%
:::j: :::: :::":. J.1s J.48 QL. w7 S22 L. 860 1,85% 3,90 97 +20,6 Specimaen strens reliaved and retested
itu AR Y .8l 0 1,e0l 1,803 2,800 $56.5 + 3.0 *Raported to be higher becaues of pr- wimity to
e .37 P8 N Y S} 3y 1445 1.8%1  <,4u0 560 + 6.8 surface of pressing
“fa3, L.9W virgn L83 2. 35 40 1.861 4,800 5% *10.8
Ditto 1,83 P § S § DL 16 1.8% 1,8%3 4,200 137.5 4.0
b 592 2,29 4% 17 L858 1847 0,400 489 +10.}
3. .Ga.ave L3N cacyaia 6,01 5.89 10 *,879 1.85%5% 12,100 490,9 +87.2 Spescunaen siress relisved and retested
(o $345) o, 8 5,50 5.80 10 1,877 1,876 9,260 420 * 2.9
- 6. Ud 5.10 10 1.88) 1.,87¢ 10,450 418 + 4.7
DS T Y i.08 1.1 17 1,872 1.85% 6,750 420 + 6.8 Dispereed phase Fo alloy
Dizzo 3,030 .01 <l 1,808 1,870 7,128 359 *12.3 Datee *% BeO redetermined to be 2.15%
- .77 1,00 23 1.861 S, 700 359 12,0 ”
3.csiave 00 virgin 4,48 .60 18 1.801 1,876 5,340 431.9% +10,)
Datio 1. 93 279 16 1,874 1,859 4,040 359 v13.8
- 2.91 .17 15 1,859 1,858 3,090 359 ¢+ 0.3
L7y 1% 2 1,861 1,85 500 384 + 2.0
1.7% 22 1,068 1.058 1,900 384 + 3,7
1.70 12.w 22 1,0%% 1,058 },440 525.% + 8,2
1.57 .45 9.2% 2} 1,842 1,842 4,500 0229 + 9.9
1,44 1,47 10,1 2l 1.844 1,042 4,300 466 + %)
Ly 1.5 21 1,842 1.842 9s0 159 ¢ 0,2
1.4% 1,47 10,8 21 1,844 1,842 4,200 431,85 + 8,0
2200, J30% tucyulae RO T R Y O 22 1,807 1.85% 3,140 529 + 37 204 test
L9, iSV'S virgin [P 1.03 151 21 1,859 1,850 1,140 69s 26,2 Ditto
e “ ::":' S48 248 10057 2 1804 1,638 3,40 383 + 3.3 "
Subeicve J00% recycls 0,01 5.89 10 1,809 1,85% 12,100 383 411} i

Data From ''Gage Blocks of Superior

Stability III: The Attainment of Ultrastability'

M. R, Meysrson and M, C, Sola,

by

Trans. ASM, 57, 164 (1964)

This paper discusses the proceduresusedin
tha gage-block program at the National Bureauof
Stzndards for the attainment of a veryhighdegree
of dimensional stability, It surnmarizes the data
for a number of materials considered suitable for
use as gage blocks; as the rasults show, sevaral
of these are very stable indced. The test speci-
mens used all have a 2-inch gage length, and a
cross section 1-3/8 by 3/8 inch,



TABLE A-16. SUMMARY OF STABILITY CHARACTERISTICS OF ALL GAGE

== e SRR e T T R S
Max
Surface period
hardaess, P observed,
Type Symbol RcC Material and identifying treatment months
3 270 17-4 PH, hardened, aged, nitrided 22
4° KA 72 Titanium carbide, 25% Ni, stress relieved 20
2 F 68 410, annealed core, nitrided 45
+ S 65 Titanium carbide, steel binder, hardened and tempered 19
2 L 66 1010, pack carburizsed, case hardened 30
1d. e T 62 52100, directly quenched or martempered, stabilized, R¢ 62 49
) N 68 Nitralloy 135 mod, hardened, tempered, nitrided 34
2 L 65 1010, carbonitrided, case hardened 20
3 M 68 Nitralloy 135 mod, hardened, tempered, nitrided 34
1d. e T 60 52100, directly quenched or martempered, stabilized, R- 60 50
2 ¥ 67 410, annealed core, nitrided 2-step 45
3 N 57-69 Nitralloy 135 mod, hardened, tempered, liquid nitrided 17
2t T 68 52100, annealed, chromium plated 48
2 L 62 1010, annealed core, thermal sprayed 17
14 v 62 I'15, hardened, tempered to Rc 62 19
3 E 66 8620, carbonitrided, case hardened 3o
1d T 65 52100, directly quenched or martempered, stabilized, R 65 49
4 AL & NBS >68 Chromium carbide, Ni binder, as received 20
2¢ L 68 1010, annealed core, chromium plated 25
4 Q >70 Aluminum oxide, no binder 29
3 E 65 8620, liquid carburized, case hardened 32
2 N 68 Nitralloy 135 mod, annealed core, nitrided 17
2 T 72 52100, annealed, flame plated 30
3 E 64 8620, gas carburized, case hardened 20
2 F 68 410, annealed core, nitrided i0
1d v 65 T15, hardened, tampered to R 6S 20
2¢ L 68 1010, annealed core, chromium plated 36
14 w 63 W4, hardensd, stabilised 16
1¢ .. 65 Commercial through-hardened steel gage blocks, AA grade 25
4 KB 68 Titanium carbide, 40% Ni, stress relieved 19
3¢ c 638 420, hardened, tempered, nitrided 16
2 D 65 D2, annealed core, nitrided 16
2 F 68 410, annealed, chromium plated 24
14 D 58 D2, bardened, stabilised 16
2 D 72 D2, annealed, flamse plated 24
2 F T2 410, annealed, flame plated 23
14 T 66 52100, hardened, deliberately unstable 7

a Type ] is through-hardened; Type 2 has annealed cores and hardened surfaces; Type 3 has partially har(
or cermet.

b This value represcnts hardness of the case or coating where applicable. Where appropriate, hardness »
converted to R¢.
Only one specimen of this type tested.
Results reported were obtained previoucly and reported in a prior reference (9). They are included for
Contzined short-term periods of greater instability.
Average of two blocks with widely different values. One block was very stable.
Estimated.

m -e an



CACTERISTICS OF ALL GAGE 3LOCKS, IN ORDER OF MERIT

T ——

Max Average
period Fabrication of case on nongaging faces change in

observed, Parually Completely Not length,

:al months Intact  removed removed applicable p-in./in./yr
22 X + 0.05
20 X - 0.07
43 ¥ 4 +0.10
1 temgpered 19 X - 0.10
30 A X + 0.11
:abilized, R 62 49 X - 0.13
‘1ded 34 X + 0.17
20 X + 0.17
‘ided 34 X + 0.9
tabilized, Re 69 50 X + 0.20
45 X + 0.20
id aitrided 17 b 4 + 0.21
48 X + 0.21
17 X + 0.25
19 X + 0.27
30 X + 0.29
:abliized, R 65 49 X - 0.30
20 X - 0.34
25 X + 0.35
29 X + 0.38
32 X + 0.38
17 X + 0.40
30 X + 0.41
20 X + 0.42
30 X + 0.44
20 X + 0.49
36 X + 0.58
16 X + 0.59
~ks, AA grade 25 X - 0.67
19 X - 0.78
16 X + 0.80
16 X + 0.81]
24 X + 0.85
16 X + 0.86
24 X + 0.89
23 : X + 0.96

7 X -25.0

aces; Type 3 has partially hardened cores and hardencd cases; Type 4 is a ceramic

“here appropriate, hardness was measured with a micro-tester such as the Vickers and

:ce (9)., They are included for comparison.

cable.
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