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AABSTRACT

Previously published‘linéar'thermal expansion_data for several refractory
metals and refractory metal alloys are reviewed and compared. 1In addition,
an optical technique is described which was employed to measure the expansion
characteristics of several refractory metals and alloys to 2500°C. These

most recent data are also compared to the existing data.

A refraction error has been iégntified which is inherent in the optical meas-
urement of thermal expansion for certain experimental conditibﬁs. Tests in -
helium have been shown to yield results which are noticeably lower than those
obtained in vacuum. Correction factors have been obtained for use with the

heliun tests to obtain accurate expansion values.

Linear thermal expansion data to 2500°C are reported for tungsten, rhenium,
tantalum, molybdehum, niobium, tungsten - 25 rhenium, tantalum - 10 tungsten,
and molybdenum - 50 rhenium. 1In the case of-rhenium, tungsten - 25 rhenium,
and molybdenum - 50 rhenium, these data are the first such.measurements

for these materials to high temperatures.
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PROPERTIES OF SOME REFRACTORY METALS
IITI. Thermal Expansion Characteristics

INTRODUCTTON

The dimensional changes which take place during beating and cooling represent
an important material characteristic. Many design considerations are influ-
enced strongly by this property because of its relation to structural integ-
rity,,induced stresses, etc. In composite structures and cladding applica-
tions thermal expansion considerations become especially important. It seems
advisable, therefore, t0 review and compare existing thermal expansion data
for the refractory metals in view of the iﬁportance of this material charaetera
istic to NMPO design and development activities. The existing data and the
recent results obtained in.the NMPO thermal expansion measurement program are
presented to make all such information accezsibie in a single document.

In generai, measurements of linearvthermal expansion are based on a determina~
tion of the specimen length at various temperatureso The resﬁlting length-
temperature plot 1s then used to express the expansion characteristics in thke
deSired form. For example, the instantancous coefficient of linear thermal
expansion,  , is obtained by evaluating the instantaneous Blope , dL/aT, of
such a curve and dividing this value,by'the instantaneous length° Thus:

S1 A | | | -
%=1 | (1)

i dT
This same plot can also yield- the more commonly used average coeffieclent of
linear thermal expansion° -
_p- e _a @
Lo (T-To) Lo (T-To) . .

In this calculation the'length, Lo, at the temperature Tg is subtracted from
the length at temperature T and divided by Lp ardd the temperature difference
between T and Tg. Since linear thermal expansion eurves are usually concave

upward the instantaneous coefficient is always higher than the avefage valueonl
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In equation (2) if T, is taken as 0°C the eipression becomes:

a = AL

n To T (3)

Furthermore, since then the length at any temperature can be expressed as:
Lo = Lo (1 +a,T) - (%)

the value of @y becomes:

",(;dt’e/dm) ,
% = LTI fag D (5)

From equation (4):

' : dam :
& e o -
which when substituted into (5) gives:

o + 2 ()

l+am'1'

(7)

ai =
This is the relationship between oy and Q.

It is also common practice to express linear thermal expansion dats by plotting
the fractional or percentage increases in length as a function of temperature.

Thus ) ‘
T - T, - pm ' :
— = £ | (8)
or:
-9-%;& X 100 = ¥'(%) - (9)

Usually the temperature function is adequately expressed by e polynomial to
yield:

Lsle x 200 = A+ 37+ Cr (10)

Differentiation of this expression then gives:

100\ dL . | . ‘
(TO- a-'_f = B_+ 2C T : (ll)




which is not quite the instantaneous coefficient of linear expansion... However,
since for refractory metals the linear expansion values.are normally no more
than 2 or 3 percent even at temperatures of 2500°C the difference between . the
coefficient calculated in (11) and the actual value of the instantaneous co-
efficient is quite small. The difference, however, should be recognized.
Another format employed in expressing linear thermal expansion data is similar
to that in equation (10), but with the mean coefficient of thermal expansion

replacing the percentaée increase in length. Thus:

&
¢

_ _(L-Lg) = A +3BT+CT® (12)
% T T (T-To)

Percentage increase in length can be obtained. quite simply from this expres-
sion by the proper substitution of tempersture and then multiplying this re-
sult by (T-Tp) and converting to percentages. This approach is the one em-
ployed by White(l) in dealing with several of the refractory metals.

While the measurement of linear thermal expansicn characteristics seems quite
straightforward certain experimental difficulties exist. This is particular-
ly true in the case of refractory metals where data close to 3000°C are re-
quired. For such measurements an adequate high-temperature furnace is needed
and it is necessary furthe% to assure temperature uniformity over the entire
specimen length in order to obtain the desired accuracy. Furthérmore, the
furnace atmosphere must be sufficiently free of impurities t¢ prevent contam-
ination of the specimens during the expansion measurements. It is glso in-
portant that no changes in the specimen structure take place other than those
associated with the standard and well identified phase transformations. For
example, sintered materials fesﬁed at temperatures above the original sinter-
ing temperatures yield results which are not represeﬁtative of true thermal
expansion effects. And finally, a technigue for accurately ﬁeasuring the
increase in specimen length with temperature must be available.

The factors just discussed are all equally important in obtaining accurate
linear thermal expansion data at elevated temperatures. The failure to main-
tain‘proper coﬁtrol over any one of these important considerations can lead
to erroneous results. It is in this light then that a review of available

expansion data for several of the refractory mstals is wade and any discrepan-

- cles noted in measurements of the same materisl can in all probability be

attributed to one of the sbove factors.
5
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REVIEW OF LITERATURE DATA

Linear thermal expansion measurements for tungsten, tantalum, and molybdenum
have been reviewed by Whi‘te(l)° The data chosen from this study are shown in
Figure 1 along with the rhenium data of Sims, Craighead, and Jaffee(z), the
niobium data of Kearns, Clark, Young, and J’ones(j , and the chromium data of
Lucks and Deem(u)° These data have been considered to be representatlve of

" these materials even though disagreement between investigators bas been re-

~~...: ported in a few cases.

X Molybdenum

Of all the data reported to date that for molybdenum probably “exhibits -the
most censisteneyo Data from verious investigators are found to be iﬁ fairly
good agreement with the curve: shown in Figure 1 for this material. The curve
relating the expansion characteristics of molybdenum ﬁo 2900°K published by
Goldsmith Waterman, and Elrschhorn(5) iz almost identical to that in Figure
''''' 1 for this material. Molybdenum data reported by Fieldhouse and co- workers(6)
to E@@@©© are also in excellent agreement with those of Figure 129)Additional

agreemenﬁ is found in the data of Edwards, Speiser; and Johnston ‘based on
o X=ray measurements of lattice constants. These data reportéd for temperatures
N of 850° to 1800°C are essentially identical to the Figure 1 data in the temp-
: erature range close to 1000°C but are about 3 percent higher than'the Figure
1 data‘in the higher temperature range. Some'older'data obtained by Worthing(a)
by the resistance heating of maélybdenum wires in vacuum are some 5 percent .
higher than the data in Figure 1 below 1500°C. Abuve his tenmperature the
agreement is within a few percent. More recent data published by Rasor and
Meclelland(Y) identify a very interesting phenomenon. During the first heating
B of an ar¢-melted unalloyed molybdenum speeimen the thefmal expanﬁien data ob-
- tained were identical to those given for molybdenum in Figare 1. However,
during the second heating the obiained data were eome 5 percent higher over
the entire temperature range. No explanation for this bebavior vas -given
although chemical analyses before and after the initial heatling were reported
but failed to show any differenee in impurity levels. It was noted, however,
that the specimen suffered & small permanent elongation fbllowmng the initial
heating. 'No reason was given for this observation either. In general then
the agreement between various investigators regarding the thermal expansion
data for molybdenum is fairly good. o
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Tantalun

This same measure of egreement.is not observed:in the thermal expansion datad
for tantalum. While a portion of this variation'majfbe due to differences in -
experimental techniques, more offit is probab;y-due‘to differences in materisl
purity. It has. long been known that tantaium absorbs trace impurities when
‘tested in various cover gas atmospheres and it has also been shown that these
impurities (O, Na, Ha, etc.) when absorbed cause significent changes in the -
properties. of tantalum. The differences which exist in the reported experi-
mental data are best recognized by a study of the llnear thermal. expansion
data shown in Figure 2. Reported data of Fieldhouse, et 31‘6) seem to be in
good agreement with the Figure 1 data up to lOOOOC, but then the data in-
creasé to higher values. In the data reported by Rasor and McClellwud(7) aif-
ferent behavior was obeerved for tahtalum after the initial heating. It was
reported that after heating to close to 3000°C the impurity content of the
tantalum decreased ma.rkedlj° Chemical and spectroscopic analyses ﬁere'ré=
ported which indlcated decreased contents of si, Cr, Cu, Al, Ca, Ni, 2Zr, Fe,
Mn, Ti, and C after heating. For exza.m;plc}7 the Cu and Fe contents dropped -
from 7300 tc 19 ppm and 2100 to zero ppm, respectively. The carbor contént
was reduced from 800 to'lsb pﬁm by'this‘heatingn This increased purity fol»
lowing the initial heating vas cited as the cause for the change in thermal
' expansion measurements. Tantalum data. reported by wOrthlng(si exhibit ex-
 cellent agreement with the data reported by White(l) H0wever, this is due

to the fact that the analysis by White of all existing thermal expansion data
for tantalum was influenced qﬁite strongly by the Worthing data. For this
reason no degree of confirmaticn can be claimed in this‘icstance and the lack
of agreement cited above still ﬁersistsaA Parheps the best agreement with the
tantalum data of Figure l is provided by the lattice const&nt measurenents
reported by Edwards, Speiser, and Johnston(9)° These data agree within about
5 percent orer'the temperature range between 1000° and 2200°C. However, in
general the linear thermal expansion'date for tantalum are seen tc be less
than completely defined and some-additicnai data aptear in order to identify
this eysteﬁ more precisely. '

Tungsten '

Only a few. studies of the thermal expans1cn characteristics of tungsten have
been reported at temperatures above 2000°U°',In his analysis of existing tung-
stentdate;_White(l) relied on the values of Worthing(lg) to 2400°C and those
of ﬁemarquai(ll) to 2100°C. Both of theee measurements exhibited fairly écod



agreement and at 2100°C were within~a few percent of being identiéal° " The
equation proposed by white(1) has been extrapolated into the higher tempera-
| ture range to yield the curve shown in Figure 1. The data of‘ Apblett and
Pelllnl(le) were not given much consideration by White in view of the high
expansion values reported. A comparison of these thermal expan51on results
is shown in Figure 3. Some recent data for tungsten have been reported by
Glasler, Allen, and Saldinger(lB)} but these also seem much too ‘high to be
consideredf%orrecto As seen in Figure 3 these data are in fairly good agree-
ment with the Apblett and Pellini data. Despite the good agreemeht between
these two sets of data these values are étill suﬁject to déubtJ
Niobium | |
Published thermal expansion data for niobium appear to exhibit agreement
which is just slightly better than that observed in the case of tantalum.
Differenées of some 20 percent exist in the data from vafious investigatorsA
as compared to the différences of close to 30 percent observed in the tanta-
lum data. - Since these two mgtals are quite similq; in regard to their gésebus
impurity abSorption éharacteristics, the factors affecting the reproducibilfty
of the data-are probably the same in each case. The niobium data shown in
Figure % reveal that the fairly high values reported by Fieldhouse, Hedge,
and Lang(l7) actually result in the large dev1atlons referred to above. The
‘values reported by Tottle(lé) to 1000°¢ are 1n excellent agreement with the -
data of Kearns, Clark, Young, and Jones(5) Furthermore, the data from X=ray
measurements. of Edwards, Speiser, and Johnston(9) are in fairly good agree- .
ment with the data of Kearns, et al., especially at temperatures above’l200°C;:
Even though the agreemént observed in the niobium data is much better‘thah
that exhibited by the-tantalumvdata, some additional measurementsféppear
warranted to attempt to resolve,the extsting discrepancies. '
Chromium T K - ;
The expansicn détg for chromium appear quite consistent and the agreement be-
. tween various. investigators is excéllent(5)Lucks and Deenﬁu)have“rePOrted data
to about 1600°C which seem. to 'be representative of this partlcular metal.
These data are shown in Figure I.
Rhenium
As pointed out in Figure 1 very few data have been reported for rhenium and
these have covered the temperature range’to 1000°Cc. No other higher tempera~

ture linear thermal expansion date for rhenlum hsve been reported.

v
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EXPERIMENTAL RESULTS

Linear thermal expansion measurements for several refractory metals and refrac-
tory metal alloys were made to 2500°C in helium using a resistively heated tung-
sten tube furnace. The furnace heating element consisted of a tungsten tube
(riveted construction), 4 inches in diameter, 20 inches in length, and 20 mil

in thickness (see Figure 5). The upper end of this heating element was inserted
in & 0.25 inch wide annulus in the top water-cooled copper electrode and elec-
trical contact was obtained by pressing a copper rope inte the remaining void
between the electrode and the outer surface of the heating element (see Figure
6). Another water-cooled electrode at the bottom of the furnsce contained a
similar annulus which housed the lower end of the heating element. This annulus
contained a liquid (liquid at room temperature) gallium-indium - tin alloy to
provide electrical contact and to allow for thermal expansion of the heating

element with increasing temperature.

An outer tungsten muffle (6 inches 0.D., 17 inches long with a 0.5 inch wall
thickness) surrounded the heating element and served both as a radiation
shield and as a barrier for the ceramic insulation positioned between it and
the water-cooled furnace shell. For testing to about 2500°C zirconia insula-
tion in this zone of the furnace is satisfactory while at higher temperatures
thoria becomes necessary. In addition;, a ceramic-free furnace construction
is possible and has been employed on occasgion by substituting a 1l2-layer re-
fractory metal thermal radiation shield assembly for the ceramic insulation.
Operation in this latter case has been demonstrated to 3000°C (5432°F).

Linear expansion messurements were made by sighting paired filar micrometer
microscopes on fiducial marks located near the ends of the specimen. The
specimen was positioned horizontally in a specially mechined tungsten block
supported within the hot zone of the furnace. Two specimen configurations
were employed; the one was a rod 0.25 inch in diameter by 2.5 inches in length;
the other, which was empibyed~when rod material was not available, was made
from 0.020 inch sheet material formed into a "U" shaped beam about 0.3 inch
wide and 0.3 inch deep, b&r§,5 inches in length.

The specially mechined tungsten block which served as the specimen holder
was about*2 inches square and about 3 inches in length. This specimen holder
is shown in Figure T along with two typical specimens. In the U-shaped sheet

ks
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specimen two 0.010 inch holes, 2 inches apart, served as the fiducial marks.
These were drilled about 0.25 inch in from each end of the Specimen and vere
found to yield“excellent results. In view of the success obtained-with the
small diameter holes as fiducial marks for the sheet.speCimen,'this;sgme
approach was appliéd te the rod specimens. However, due to the éiffiéulty'
of drilliné such a small hole through the rod specimens, a spec;él coﬁgtrﬁc~
~ tion was employed. A 0.075 inch hole was drilled radially into the_ro&«to‘
within about 0.020 inch of penetrating a milled flat on the opposite surface.
This flat was‘about 0.20 inch in width,'OoOQO inch in depth, and ?as perpen-
dicular to the large diameter hole. This gave the effect offa thin éheet in
this ares of the rod and then a 0.010 inch hole was‘drilled in the flat to
penetrate through to.the largef4diameter holef "In essence, then the fiducial
marks in the rod specimehé were identical to those which were shown to be so

effective in the sheet specimens.

The specimen holder, which was supported on & tungsten pedestal to position

it at the longitudinal midpoint of the heating element, is shown in cross °
section in FigureAB'with the spécimen in place. Both fiducial marks were
placed in line with the two’vertical’holes'to allow viewing from above and
also to allow the fiducial marks to be viewed against é contrasting.(low tem-
"Iérature) background formed by the lower end of the furnace. With this arrange-
ment the fiducial marks were clearly visible during all portions of the meas-
urement. A central hole in the specimen helder provided avclear view of the
specimen and a black body hole (L/D equal to 6) at the midpoint of the speci-:
men was thus readily accessibl§ for temperature measurements. In mosp cases
the conditions within the central cavity were such.as to make it impdssible

to define the black--bedy hole (;.e.Aplack~bodyfconditions were obtained within

the specimen holder) except during temperature transients.

As a finallprecautionary measure a radiation shield in the form of 5 mil'tungw
sten sheet cut to the outer shape of the specimen holder gnd with holes to
match those in the upper face of the tungsten bldck was d;opped in place.

This gnhanced the temperéture uniformity of the'specimen rod for withouﬁ it
the heating element} which was of necessity at a slightly higher temperature
-than the specimén holder, would radiate to the ends of the -specimen and cause
a-slight 'increase in rod temperature in this area. With the outer radistiocn
shield in place temperature uniformity over the entire 2.5-inch specimen was
within * 10°C. | '

i3 N



Fig. 7 — Specimen holder and specimens
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Temperatures to 1000°C were measured by a platinﬁm/platinum-lo percent rhodium
thermocouple pozitioned in the small central hole in the specimen holder.
Above lOOOOC temperatures were measured by means of an optical pyrometer
sightéd through a quartz window in the top of the furnace into the black body
_hole either in the specimen or in the specimen holder midway between the two
microscope sight holes. Optical pyrometer corrections ‘for the quartz window
were obtained in previous calibration tests.

The paired filar micfoméxer microscopes were mounted vértically'and in par-
allel on 2-inch centersabn an Invar bar attached to a special fixture mounted
on the top of phé furnace. A pair of rotatsble polaroid discs'in each micro-
‘scope provided the necessary control of light intensity for high temperature
sightings. | ' ‘
Priof t0 each test a microscope calibration was performed by employing &
standard linear scale etched on a glass slide. After removing ﬁhe complete
microscope system from the top of the furnace it was placed on'a special table
and the glass scale was'phen placed directl§ below the microcoPes. At This -
time the vertical distancé between this scale and the microscopes was set .
equal to that between the gpecimen and microscopes during furnece operation.
The eyepiece cross bairs were then moved to be coincident ﬁith the extremi-
‘ties of the 2=in¢h scéle and the  two eyepiece microﬁetér feadings were
recorded. Folloﬁing this measurement the microscope gystem was thén reposi-
tioned atop the furnace and an electrically heated tungsten coil within the
tob of the furnace was then energized to illuminate the specimen. In this
manner the room temperature value of the distance between the fiducial marks
on the sample was measured by adjusting the eyepiece eross haire until they
wvere coincident with the fiducial marks. ' Readings taken from the'éyebieee
micrometers then enabled the cold length to be easily calculated based on the
above calibration. Measurements made as the furnace temperature was increased
were referred to this initial length in the usual manner to enable percent
elongation to be calculated. At furnace temperatures below 900°C the resis-
tively heated.tungsten coil provided the necessary illumination of the fidu-
c¢ial marks for the elongation measurements. (ggﬁgs See Appendix A for the
‘correction for refraction effects which must be applied to these measure-

" ments).
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Employing~£he techniques described above, the linear thermal expansion char-

acteristics of several of the refractory metsls and of several refractory metal

‘alloys (see Table 1 for analyses of materials employed in these studies) have

been measured to 2500°C in helium. In these tests rod or sheet specimens were
employed dependlng on material availability and in every case ‘the runs were
made " 1n dupllcate or triplicate to evaluate the reproducibillty of these
measurements The data for a given specimen were then programmed to y1eld

an expression of the form shown in equation (10). Equation constants for all

“the materials tested are presented in Table 2. The least squares curve resul-

ting from this analysis is shown for each material in the figures to be
discussed below. g

Molgbdenum

‘ ExpansionAdsta for arc-cast molybdenum sheet are shown'in Figdie 9.  The data

presentedafor the two consecutive runs reveal the excellent"reproducibility

'obtainable with this techniq;u.e° Similar data for powder metallurgy sheet

material are shown in Figure 10 and for a powder metallurgy rod speclmen in
Figure 1l. As in the test of the sheet specimenthe reproducibility of the

data for the rod specimen was excellent. It was typical of &ll these tests

that the heatlng and cooling curves were coincident (points obtained during
cooling are not shown) and that successive heating and cooling curves were

identicalkto those obtained in the first run: Curves representing the least
squares polynomial expressions for these three specimens'arershown in Figure

12 indicating quite graphically that the data‘for arc-cast sheet and sintered
Vrod and sheet material are essentially identical. This comparison of arce

cast and sintered materialhwas prompted by the differences in
k)

stress =rupture

and creep behavior noted( for arc-cast and sintered molybdenumo

C e
s
A

Several points from the molybdenum curve in Figure 1 have been included in
Figure lc for comparison purposes. The agreement is seen to be excellent
(within 3 percent) at temperatures below 150006e At higher temperatures the
data in.Figure 12 are 5 to 8 percent above the Figure 1 values for molybdenum.
It is. noteworthy, however; that the data presented in Figure 12 are essen-

tially identical to those ‘of Rasor and McClelland(Y) for the second heating

of the- arcnmelted molybdenum specimen.

16
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thgsten

The data for sintered tungsten rod and sheet material are presented.in Figures
13 and 14. Once again'the excellent reprodueibility_obtaine&‘in duplicate
tests is evident. Also as in the molybdenum tests the heating and cooling
curves were'coincident; The ‘smooth curves (least squares) foi the rod and
sheet specimens are shown in Figure. 15 along with some recent data for arcw
cast tungsten sheet. These data are -considered identical. Also several ‘points
from the tungsten curve in Figure 1 are plotted for comparison. -The agreement
is excellent and it can be noted that the data for powder metallurgy tungsten
rod are identical to the Figure 1 data for tungsteno‘ The Figure 13 data are
also presented in Figure 3 to yield a more direct comparison with other data.

Tantalum

Tantalum absorbs impurities so readily that specimen contamination presents
a serious problem in high temperature  thermal expansion measurements. As &
matter of fact this'single‘factor is probably the principal cause of the
discrepancies which now exist in the expansion data discussed previously.
This contamination is reflected not only in a distorted thermal- expansion
versus temperature relationship, but also in different’ heating and cooling
curves. Following measurements at temperatures to 2#0096 (actually this
effect would be notieed after testing to lhOOoc) the cooling curve is posi-
tioned distinctly above the heating curve. For a given temperature the
percent linear exPansion'value might be 1.0 on heating and 1.4 at this
same temperature during the cooling cycle. This suggests that a permanent
deformation has taken place in the specimen upon exposure to impurities

in the cover gas atmosphere at the high temperature. This suggestion . .of
an apparent permanent deformation 18 confirmed by an inability to rezero
the paired microéeope system after the specimen returns to room tempera- .
ture., In everyﬁéege‘the micrometer readings indicate a length which is
between 0.5 and lﬂbtpercent (5 to 10 mils in 1 inch) greater than the

. specimen length prior to testo This increase in length is not removed
upon aging for the specimen fails to regain its original pre-test length
even after standing at room temperdture for long periods of time. Sub-
sequent testing in the same:etmosphere ﬁill also-fail,to yield the origi-

& atter of fact this subsequent test-
ing will lead to further eontamination and further deformation. The actual

I

nal pre-test specimen length end as :
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length after a second heeting will be still greater than the original pre-
test length. However, heating at 2300°C in vacuum for 3 hours will result
in the specimen returning to its original length. Apparently the dissolved
gases distort the metal lattice(18?19) as long as! they remain in solution
leading to what appears to be permanent deformation.  Such deformation as
described above is therefqre not really permanent for tke type'of degassing -
procedure just described will result in the removal of essentially all the -

dissolved impurity gases and a return to original specimen dimensions.

A typical thermal expansion curve for tantalum in helium is shown in Figure
16 for the case where no Attempt is made 'to remove all the impurities from
the cover gas atmosphere. The initial heating curve appears smooth and has

a shape characteristic.of all metals. However, it is known that the sample .
begins absorbing impurities at temperatures above lOOOQC which are suffieient-
'to distort the lattice and lead to specimeh lengths which areesomewhat larger
than would be obtalned in the absence of contaminafionn During the cooling
cycle the expan81on curve is seen to be 51gn1f1cantly different from the
heating curve. Thlsw}s_due to the impurity content causing a semi-permanent
(i.e., permanent until the impurities are removed by vacuum degassing) de-
formation\which will not allow the specimen to retufn to its originsl length.'
The fact that the slope of the cooling curve is séaller-than that of the .
heating curve in the highef temperature regions.Sﬁggests‘that impurity ab-
sorption along with its essocieted lengthening effect is continuing. At
temperatures close to 1200°C the slopes of the heatlng and cooling curves
become quite similar and then the coollng curve exh1bit= 8 steeper slope in
the lower temperature re_glon° This is perhaps due to a loss of some of the
dissolved impurities as the temperature is reduced. The specimen shfinkége
due to this'impurity ldss.leads, therefore, to a iarger'slopeiin'this region

- of the ¢ooling curve.

At room temperature the length of the- spec1men (see Figure 16) is seen to
be about 0.75 Percent larger than the or1g1nal pre=test length. A second
heating in which all elongations are'referred to the orlglnql pre-test length
is also shown in Figure 16; This curve is again smooth and quite charscter-
istic;-as a matter of fact, it is essentially parallel to the initial heatirg

curve. - Once again, however, the cooling curve is displaced ffom the heating
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curve and upon cooling to room temperature the specimen is found to suffer a
further semi-permanent elongation. Even though the semi-permanent elongation
assoclated with the second heating énd cooling is much smaller:than that ob-
 served after the first heating, the effect nonetheless is'fairiy pronounced.

This phenomenon will continue until contamlnatlon 1s 50 exten51ve that it
will lead to spec1men bowing thus making further thermal expansion measure—
ments m.ea.nlnglesso -While not confirmed this bowing of the specimen is prob-

'ably assoclated with compound formation'at the higher levels of contamination.

The tnexmal expansion data shown in Figure 16 may be recalculated by refer-
rlng aLL measured elongations to the- length of specimﬁn at the start of the
%heatlng cycle. In this way the original length of the specimen will be dif-
ferent. for each heating curve and the obeerved elongations at the various
temperaturee will be calculated as differenees'from this lengthe  Such-cal-
culations lead to the results shown in Figure 17. within a few percent the
heating curves are identical suggestiﬁé'that the percent linear expansion and
the average coefficient of linear expansion are the same for each specimen
1ndependent of- the level of impurity content. Now this conclusion must apply
only to condlltlons above g certa.m level of conta,minafion'__for te.ntalum tested
in such a way as to minimize contamination by cover gas iméﬁrities exhibits
an expansion curve noticeably lower than that shdwn in Figure 17% It is note-
worthy that this difference appears Onl& at temperatures above'i200°C suggest-
ing firstly that no specimen deformatlon due to impurity'contamination occurs
at temperatures below 1200°C. Secondly the essentially identical data at
lower temperatures for the contamlnated.as well as the uncontaminated tanta-
lum suggests no ‘effect of‘impurity content on expansion characteristics in
this range or at lesgst an eéffect too small to be identified by the present

measurementsu

The linear:expansion data for tantalum obtained under condltions designed to
minimize specimen contamination are shown in Fizure 18. In these measurements
the specimen holding fixture was surrounded by several layers of tantalum to
‘act as 8 "getter" for the cover gas impurities. The. effectiveness of this
technique was established by noting that the cooling curvefwas‘essentially
-.identical to the heating curve. Further, the micnscope'mierometer readings

" ‘at room temperature were found to-rezero'withih.0006‘pepeent:indieating that -

"2k




the permanent deformation suffered by the specimen was negligible. Subsequent
heatings and coclings, therefore, were found to yield expansion curves identi-

‘ cal to that obtained in the first measurement. This agreement is apparent in

the data shown in Figure 18. '

It can also be noted in Figure 18 that the thermal expansion curve is identi-
cal to that shown in Figure 17 at temperatures to about 1200°C. At higher
temperatures the Figure 18 data are some 26 percent loﬁer than the data for

_ the contaminated specimens. From these data then the effect of dissolved
gases is quite cbvious and the temperature at which these gases begin to.
exert an effect on the thermal expansion measurements of tantalum is seen to
be about 1200°C. ‘

The thermal expansion data presented in Figure 18 have been included in
‘Figure 24and are seen to be lower than any of the other data shown at'tempéra-
tures to about 1500°C. Above this temperature the Figure 18 data gfadually
rise above the Edwards, Speiser, and Johnston(9) data and then above the
Figure 1 data for tantalum at about 1700°C. Except for the Fieldhouse,

et al(6) data, which appear much too high, the agreement between all tantalumr
data is well within a band of about + 10 percent. Therefore, with the
exception just mentioned all the thermal expansion data reported for tantalum
mus% be considered to exhibit very good agreement. It is alse to be noted
that the data from Figure 18 are seen to fall midway between the first heating
data of Rasor and McClelland(7) and the data of Edwards, et al. (Note: While
the curves published by Rasor and McClelland(7) were widely spaced, it is
obvious that the curve representing the second heating was not based on the
correct specimen length,prior to heating. All data'points appear much too
high suggesting that thé élongation values were based on the specimen .
lerngth existing prior to the initial heating. Since some permanent déforma=
‘tion vas observed after the first heating, such a calculation procedure

would lead to results which are too high. Such data were recalculated for
use in Pigure 2 and are seen to fall slightly lower than the data obtained

in the initial heating. In this case the agreement between those data and those

4]
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of Figure-18}is excellent and appears to be well within 5 percent over the
entire temperature rangeo) '

'Niobiung;”‘ ) . -

Data for'niobium obtained in.this, study are'shown in Figure l9 The same
difficulties with respect ‘to contamination as observed with tantalum were
also observed with niobium° When the greatest precautions vere not taken,
specimen.contamination by cover gas impurities was observed which resulted
in cooling curves which were different from the heating curves (one niobium
specimen was’ .analyzed after two heating and cooling cycles between room tem-
perature and 220000 and found to contain 20, 1650, -and 5520 ppm of. hydrogen,
oxygen, ‘and nitrogen compared to pre-test values of 8, 180 and h) Further-
more, semi-permanent specimen elongations were noted’by a failure of the
specimen to return to its original length after heating. .. These difficulties
were solved by adopting the same techniques as employed with tantalumr
SEVeral,layers of niobium sheet material were placed around the'sPecimen‘
support hlock to serve as a "getter" for the impurities. This resulted in
cooling~curves which were coincident with the heating curves. 1In addition,
the specimen was always found to return to its original ‘length after heating

and coolingot

- When the data from Figure 19 are compared w1th data. obtained under conditions
for which no getter material was employed, the same differences in expansion
curves are noted as_observed in the case of tantalum, Above llQOQC the" ab- -
sorption of impurities by the niobium leads to higher expansionjyalues than
obtained in the uncontaminated specimens.‘ Below llOO°c.the expansion-data
are identical for both the contaminated and uncontaminated specimenso, It is
interesting that the temperature above which impurity contamination has a
noticeable effect is almost the same (actually about lOOOC different) for

~ both tantalum and niobium '

The niobium data in Figure 19 are presented in Figure M}and are seen to be- '
lower than any of the previously reported values for this metal. This per=
sists over the entire range of investigation to 2000°C. The’ comparison
afforded by Figure h-reveals that the Fieldhouse, Hedge, and Lang(l7) ‘data
for niobium fall 20 percent higher than the current measurements at lOOO°C
and remain considerably higher even to the,highest te,mper’a..tur_e:s.o Other data
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while slightly higher than these present measurements in the low=temperature
range reveal a gradual merger at temperatures close to 2OOO°C° At 2000°c
the present ‘data, those of Edwards, Speiser, and Johnston(9), and those of
Kearns,- Clark, Young, and Jones(5) are all identical w1th1n about ) percent°
Rhenium '

Linear thermal expansion data for rhenium are shown in. Figure 20 and repre-
sent the first such measurements for this material to" these temperatures
Heating and cooling curves for rhenium were found to be 1dent1cal and the
reproduc1bility obtained by duplicate measurements 1s seen to be excellento'
Also -no. dlfficulty at all was encountered with specimen contamlnation In
every case the micmscope micrometers indicated an exact rezero correspondu
ing to a complete return to the original dimensions° '

Refractory Metal Alloys A .
;Thermal expans1on data for the refractory metal alloys W»25Re, Ta-lOW, and
Mo«SORe are shown in Figures- 21, 22, and 23, In the case of Wa25Re and

Mo = SORe these data represent the first measurements for these materials to
high temperatureso

"No measurement difficulties were encountered with W~25Re or Mo- 50Re. How~
 ever, the TawlOW alloy was sens1tive to impurity absorption and the same
precautlons employed with tantalum and niobium were observed° When this was
nct done, the heating and cooling curves vere not coinc1dent, and the speci-
'mens exhibited an- increase in length upon coollng to room ‘temperature. Some
expansion data for Ta-10W presented hy Emmons and Allen( L5): ‘are plotted in

' Figure 22. Their data are seen to. be 20 percent lower' than the GE NMPO dsta
at 1000°¢ and about 5 percent lower at 2000°C. The cause of thi';é“?;difference'

is not known at this time

Other data for TaclOW published by Hedges Kostenko, and Lang(go) are in ex-
cellent’ agreement with the Figure 22 data. Over the entire temperature'
range’ the agreement is within a few percent. Such agreement would, seem to
- confirm the accuracy of the Figure 22 data for this alloy and suggest that
the Emmons and Allen data are subject to doubt.
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APPENDIX A

Correction For Refraction Effects

Although linear thermal expansion measurements made with the paired micrometer
microscOpe system are fairly straightforward and rather routine; they are sub-
Ject to noticeable error unless made in vacuum or in a furnace in which ther-
mal gradients in the direction perpendicular to the optical path are eliminated.
Recent measurements at GE- NMTO were the first to identiff éhis phenomenon when
tests. of a sapphire spee1men in vacuum and helium were found to yield differ-
ent expan31on results. This same‘behavior was also noted with 310 stainless
steel and niobium specimens. ‘In'eeeh case the specimen length as measured in
helium was smaller Lhnu Ulat Geasured in.vacuum. mng_th measurements obtaincd
at room temperature with the peired microscopes were, however, identical for
both atmospheres. It has now been foﬁnd that these differerees are the re-
sult of refraction and arise because the optical path employed by the pairea
micrometer microscopes traverses a zone of non-uniform temperature gradient.
With the speeimen positioqed horizontally in a resistively heated vertical tube
furnace the eighting‘path employed was vertical, and hence passed through-a
rising temperature profile. In the absence of a simultaneous radial gradient
in the 4-inch diameter tube furnace no refraction error of this type would be
encountered. However, because of- the existence of a typieel‘radialrgnadient
'for this type of furnace (minimnm temperature at centerline of.furnece) opti-

~ cal paths intersect a giveo tempereture isotherm at. a slight angle and the
resulting refraction makes the speeimen appear shorter than it actually iso

Ian veacuum where such refraction effects are-absent no ‘such behavior is ob-

served and a true length indication is obtained.

Similar'behavior was observed in hydrogen and argon when all elevated tem-
perature spedimen lengtihs appeared smaller than those measured in vacuum. As
a matter of fact;, in the argon tests the condltions were so extreme at one

- furnace temperature that the specimen appeared to be shorter than\it was at
room temperature. In other words this anomaly offered the observation that
the'specimeh.shortened on ‘heating. ‘Behavior identical to that ‘observed in

argon was also observed in air. Such behavior was actusliy predicted since
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the properties (density, thermal conductivity, and index of refraction) of air

and argon are quite similar. .

Thermal expansion data obtained in these tests are shown in'Figure 24, It is
noted that in all atmospheres the specimen lengths are shorter than those ob-

served in vacuum. In the argon tests the specimen at 200°¢ actga;ly'appears

to have a length smaller than its room temperature value.

In certain expansion measurements in which optical techniques are employed it

is poséible that this behavior would not be'noticed° For example, in some’

~ techniques small wires suspended from the specimen act as fiducial marks, and

since these penetrate the furnace wall and the distance between wires is meas-
ured external to the furnace, the above consideration might nof apply. Also

some techniques employ specimens which are about 10 inches in iength; In

- these cases the refraction error which is usually about 1 mil would bé a very
* small fraction of the total elongation (about 40 mils in 10 inches at 800°C

for most refractory metals), and hence would not be very noticeable. However, i "%

in those measurements where specimen lengths are on the order of 2 to-3 inches v i
and where actual fiducial marks on the specimen are being monitored, specimens e
appear shorter in gaseous atmospheres and linear expansion results which do

not acknowledge this will be subject to appreciable error. In helium this “E o

error was found to be at a maximum at temperatures close to 606°C in the 5ok

apparatus being employed. Of course, at temperatﬁres close to 2000°C speci-
men -elongations are qﬁite large, and hence this refraction error amounts to
only 2 or 3 percent for specimens 2 inches in length. Such errors are, there-

fore, difficult to detect at these high temperatures.

Corrections for these refraction effects for use with the current thermal ex-~
pansion data are shown iniFigure 25. Measurements were made with a sapphire
specimen in vacuum and in helium to 2000°C. Then the vacuum data were con-
sidered correct sincde they were identical to the NBS data for this material.
Differences bétweeﬁ fhese data and fhe helium data at various temperatures were
then calculated to yield the graph shown in Figure 25. Similar measurements
with tungsten, molybéeﬁunb and stainless steel gave identical data for the
correction curve. In making a measurement in helium, therefore, the correc-
tion to be added fo éach observed expansion value can be obtained from Figure
25. When thé correction is properly applied, the data then correspond to data

which would be obtained in vacuum tests.
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It should be noted that the corrections exhibit a maximum value at a tempera-
.ture close to 600°C. No reason for this maximum can be glven at this time,-
but it appears related to changes in the radial temperature gradient which
exists at various temperature levels. Obviously, as the temperature increases
conrectiOn'currents exert more and more influence in decreaéing'radial tem-
perature-gradientSr' This factor is thought to explain the graduai-decrease

in the refraction correction seen in Figure 25 as the tempereture increases.

Anotherféonsideration deserving special notice is thet'the:refreetion}correc-
tions glven 1n Flgure 25 are definitely atmosphere sen51t1ve, and hence are
only appllcable to measurements in- helium° In addltion, they ‘are. probably
also geometry sen51t1ve, and hence apply only to the furnace and measurlng
system empioyed 1n their determlnatlon° Changes in heating element diameter
or length w1ll no. doubt requlre a different correction curve from that given

in Flgure 25
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