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Temperature Dependence of Elastic Constants of 
Some Cermet Specimens1 

Sam Spinner 

(June 16, 1960) 

The temperat ure dependence of both Young's and shear modulus of four types of cermet 
specimens, known as "nickel-bonded t itanium carbide," as well as Ni and TiO have been 
determined by a dynamic resona nce method. 

The Young's modulus tempera ture curves of t he cermets are characterized by a linear 
decrease from room t emperature until a bout 700 to 1,000 °0 . In t his upper temperature 
region, an inflect ion in t he relation develops, accompanied by an increase in internal friction . 
Both these effects a re attribu ted to viscous grain boundary slip. 

For shear modulus, only t he linear portion of t he modulus t emperature relat ion was 
obtained . In t his linear region , t he relative decrease in shear modulus for t he cermet speci
mens is greater t ha n t he relat ive dec rease in Yo ung's modulus for t he sa me type of s pecimen. 
This mcans t hat Poisson's ratio riscs wit h t emperature for t he cermets. 

1. Introduction 

. Among the more notewor thy properties of cermets 
In general are their high valu es of elastic moduli. 
Al though the literature dealing wit h th e proper ties 
of cermets devotes considerable a ttention to their 
elastic constants [1 ,2,3],2 comparatively li ttle a t ten
t ion has been paid to the values of these constants at 
elevated tempera turesa 

Inasmuch as these cerm ets are in tended to be 
used as structural members at elevated temperatures, 
and inasmuch as these s tudies [4 , 5] have shown t ha t 
t heir elas tic moduli may decrease by as much as 
15 percent a t around 1,000 °C from their room 
temperature values, and may decrease by a nother 
20 p er cen t in the next 200 °C or so, it would appear 
tha t further data concerning t be varia tion of these 
elastic constants wi th temperature would be most 
useful. The main purpose of this paper is to present 
such data. Furthermore, since the four types of 
cermets selected for obtaining these data are com
posed basically of the sam e constituents, varying 
from each other mainly in the r elative proportions 
of metal and ceramic, comparison of the results 
among these types presents in teresting possibilities 
for analysis. 

2. Experimental Procedures 

2 .1. Specimens 

The cermet specimens used in this inves tigation 
are lmown as "nickel-bonded titanium carbide". 
They were taken from among those used by Lang 
[1] for his room temperature measurements . These 

1 This investigation was carried on under the sponsorship of the Division of 
Research, U .S. Atomic En ergy Com mission. 

, Figures in brackets indicate t he literature references a t the end of th is paper. 
3 A paper by Watchman and Lam [4] containing one curve of Young's modulus 

as a function of temperature for oue of t he types of cermets used in t his st udy, an d 
a WA D C report [5] showiug Young's modulus temperature curves on several 
cermet materials are the only data along these lilles kno wn to the aut hor. 
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specimens wer e all in the shap e of rectangular bars 
about 6 in . by ! in . by t in. T able 1, which gives 
the number of sets of determinations for both 
Young's and shear modulus performed on all of the 
specimens, retains Lang's scheme for identifying the 
cermet specimens as well as the manufacturer's 
designation . The table also includes the nominal 
metal content by weight of each type of cermet ; 
the remainder (of each type) consisting or a solid 
solution composed of TiC and 8 percent of specimen 
weight of (TiC+ Nb C+ TaC). A descrip tion of 
the composition and microstructure of many types 
of Cel'mets including some used in this investigation 
is contained in a report by Shevlin et al. [6]. The 
TiC a nd nickel specimens, which a re included for 
comparison , are polycrys talline materials of com
mercial purity. The TiC specimen was cylindrical 
in shape, about 6 in. 10nO" and ! in . in diam eter. 
The nickel specimen was abou t 7 in . long and ! in. 
square in cross section. 
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T ABLE 1. Designation and number of determinations made 
on all specimens 

Specimens 

M ' frs. designation 
Lang's desig· 

nation 

K - I50 B ............... { a 31- 1 
31-4 

K - 151 B ............... { 32- 1 
32-2 

K - 152 B .•..•...•.••••• { 33- 1 
33- 10 

K - 162 B .............. . 34- 1 

Nominal 
met al 

content 

}lO%Ni 

}20% N i 

}30%Ni 

{25%NL .... 
5% M o ...... 

T itanium Carbide ....................... ......•.... 
NickeL ........................................... . 

N umber of 
sets of 

Youn g's 
m odulus 

determina
t ions 

6 
3 

1 
2 

1 
2 

3 
-- .. ----------

N um ber of 
sets of shear 

mod ulus 
detcrmina· 

tio ns 

2 
3 

------.------
2 

.---- .. -------
2 

1 
.- .. - .. --------

5 .•••.•••••• _. 
3 .......•.•• _. 

a T he num ber preceding the dash indicates the type of cermet and corresponds 
to t he manufacturer 's designation . '1'he number following the da.~h indicates 
t he particular specimen . 



2.2. Method a nd Calculations 
The elastic moduli measurements at elevated tem

peratures were performed by a dynamic resonance 
method as described by Wachtman and Lam [4]. 
E ssentially, the method consists of suspending the 
sp ecimen in a furnace from two fibers, one fiber 
being attached to an electromagnetic driver and the 
other to a crystal pich:up. The driver and pickup 
ar e outside the furnace and con nected to appropriate 
electronic equipmen t for arousing and detecting the 
mechanical r esonance frequencies oJ tIl e specimen . 
The evidence of resonance is indicated by a Lissajou 
pattern on a cathod e ray oscilloscope. The most 
satisfactor~T suspension elements were found to be 
molybdenum wires coated with nickel and chromium 
to preven t oxidation [7] . 

If the suspension wires are tied at opposite sides 
of the specimen, as shown in the sketch (fig. 1) from 
a previous paper [8], then, in addition to the usual 
flatwise flexural resonance vibrations, the edgewise 
flexural resonance vibrations and, even more impor
tan t, the torsional resonance vibrations 01' the sp ec
im ens can b e detected. The response of one of the 
flexural resonance frequencies, usually the edgewise, 
usually died out at a lower temperature than the 
other. Also, because of the geometry of the spec
imens (the fairly low ratio of width to depth of the 
cross section) the response of the torsional resonance 
frequ ency was weaker than the flexural ones and 
died out at the lowest temperature. 

Occasionally, the torsional response would disap
pear at one temperature and reappeal' at a higher 
one before dying out completely. The larger num
ber of sets of Young's modulus-temperature deter
minations in table 1, as compared with the number 
of sets of shear modulus-temperature determinations, 
is mainly due to the fact that th e experimental phase 
of th e investigation of the cermet specim ens had been 
about half completed b efore i t was noticed that the 
torsional resonance vibrations could be detected at 
all . Nevertheless, at least one set of torsional res
onance vi brations was obtained for each type of 
cermet. The flexural vibrations are related to 
Young's modulus while the torsion,Ll vibra tions are 
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FICURE 1. ],IIethod of suspending specimens jor obtaining 
torsional as well as flexural vibrations. 

related to the shear modulus. Because of the square 
and circular cross section of the Ni and TiC spec
imens, a satisfactory torsional mode could not be 
obtained at elevated temperatures, so that for these 
specimens only Young's modulus as a function of 
temperature could be determin ed. 

The ratio of a particular ela.stic modulus at ele
vated temperature to the same modulus at room 
temperature, EJEo, was calcula.ted from the well
known equation, 

Et=(l£)2j(1 + /:::,,1) 
Eo fo I 

(1 ) 

whereft/fo is the ratio of tll e correspond ing rCSOJ1,UlCe 
frequencies. 

The factor, [1 + (/:::"1 /1)] is the correction for thermal 
expansion of the specimen from room temperaLure 
to the temperature of measurement. Values of /:::,.l /l , 
the lin ear thermal expansion over the required tem
perature range, were obtained Jor the cermet spec
imens from dilatometer m easurements. These data 
are shown in fig ure 2. Corresponding data for TiC 

600 1200 
TE MPERATURE ,'C 

FIGURE 2. Thermal linear ex pansions for materials used in this investigation. 
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,mel nickel were tn,ken from the li tera ture [9, 10, 11]. 
Th ey are also includ ed in figure 2 for comparison 
wi th Lbe cel'm ets . 

E qu al ion (1) m akes no r es triction as Lo the type 
of vibnLLion frequencies involved in ob taining E'I/E'O 
[12]. The conditions thn,t must be fulfill ed are tb a t 
Lile specim ens do not change in shape on heating 
and Lhat it and io, in a par ticular r atio, both rep
re ent t il e sam e type of vibration frequency, whether 
to rsion ld, :flexural :flatwise or fl exural edgewise. 
Tilus, if } t/}o are :fln,twise 01' edgewise fl exural res
onlUlce frequen cies, then E',/E'o becom es the ra tio of 
Young's moduli , Y t/Y o, and if }t!Jo are torsional 
reso nance frequencies, then E't/E'o becom es the ra tio 
of Lile s ll ear moduli, Gt/Go• Equation (1) n,lso holds 
if},/io represent overton es of the fundamental of any 
type of vibration . However, in this study, the 
fund am ental resonance frequencies were used almost 
ell LirelY. 

H mOl' e t han one resonance frequency for calcu
lat i ng It p flrt icular elast ic modulus is used, LJ lCn Lh e 
agreem ent in E ,/Eo from th ese r esolln,nce frequencies 
provides an in Lern al check on t he eonsisLeney or Lhe 
dlLta. Til e agreement in Y, jYo from the Lwo reso-
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nance fle:-.:ural fr equencies n,t n,ny prrrt icular Lemper
ature at which bot h could be deLecled was on Lh e 
order of 0 .1 percen t just ifying Lhe u e of Lite itverage 
of t h ese t wo values for Lhat t emperaLure. F or th e 
Gt/Go det erminations, usually only one r aLio of r eso
nance frequencies was avitilitble for a parli cuh)' l' 
point (under some unusually favorable condilion s, 
the first overtone of torsion could be obtained and 
similarly aver aged with t he fumnclamental), so thitt 
the agreement of r ep eat ed sets of determinalions 
served as a measure of the precision of t he data. R e
p eated sets of determinations were available in all 
but one case (table 1) for Gt/Go. For Y t/Yo, a 
larger number of determinations was available in all 
cases. From these r epeated measurements, it is 
estimat ed that t he precision over the linear r n,nge of 
Y t is on t he order of 0.3 percent and that of GI is 
about 0.4 p ercent. These r epeated measurem ents, 
and consequently the above figures of precision , 
include the daLa lor bo th specimens of each t~Tp e 
(when t wo speCLmens were lL sed), and no di stin cL ion 
is indicated in t he noLa Li on in figures 3 and 4 beLween 
L1LC Lwo specimens or each Lype. 

If Gt as weH as Y t ar e deLermi ned ,Lhen Lhe speci-

600 
TE MPERATURE ,'c 

800 1000 1/00 

FIGURE 3. Young's modulus- temlJeratw'e relations for the materials of this investigation. 
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FIGURE 4. Shear modulus- temperatw'e 1'elations for the fo ur 
types of cerme/s used in this st1tdy . 

mens are completely specified elastically over the 
temperature range over which these two moduli 
can be measured , since, for isotropic materials ~ all 
elastic constants ar e related by well-known equa
tions in such a way that if any two are known t he 
others can be determined. In this study Poisson's 
ratio , J.i. , was computed from these two moduli. 

In order to plot Y t and Gt directly as a function of 
temperature, a room temperature or base value of 
both Young's and shear modulus, Yo and Go must be 
obtained. For the cermets, these values (of Yo and 
Go) were obtained by averaging tbe values obtained 
by Lang[l] for the particular specimens of each type 
used. For TiC, Yo and Go were determined from 
the flex-ural and torsional resonance frequencies , 
respectively, the mass and the dimensions based on 
Pickett's relations [13]. The value for nickel was 
taken from the literature [l4]. The values so ob
tained for all the types of specimens used are given in 
table 2. Since Yo and Go are available for each 
type of specimen, Poisson's ratio, J.i. , may also be 
calculated from the familiar relation, 

(2) 

This is given in the final column of the table. 
It should be noted that the choice of the base 

values, Yo and Go, is not critical. Had different 
values of these moduli been chosen on the basis of 
some other reasonable selection , it would not have 
significantly changed the shape of the temperature 
modulus curves shown in figures 3 and 4 , bu t would 
only have caused a slight upward or downward 
displacement of these curves. 

• The materials are considered to be isotropic because, although the individual 
g.rains of which they are composed are antisotropic, neverthel('ss their orienta
tIOn and distribution are random , so that macroscopically this condition of iso
tropy is su hstamially fulfilled. Actually, some of Lang's[ll results indicated 
that some preferred crystal orientation or inhomogeneity mignt exist in the speci
mens. Howe ver, these departures from isotropy, if they exist at all , are small 
and do not significantly a ffect the relations based on the assumption of isotropy. 
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TABLE 2. Room temperature base vol1teS of 
specimens used in this investigation 

Speci men Youn g'S mod- Shear Illodu- P oisson 's 
t y pe ulus Yo Ius Go ratio ~ 

Waban kilobars 
31 4074 1669 0.220 
32 4077 168 1 . 213 
33 3791 1550 . 223 
34 3952 l701 . 162 
'riO 1774 748.9 . 184 
Ki 2147 ------------ ------------

2 .3 . Oxidation 

The specimens oxidized slightly at elevated tem
peratures. This oxidation was noted by a decrease 
in the resonance fl'eq uencies, as well as the usual 
change in surface appearance and increase in mass, 
after the specimens had been returned to room tem
perature, as compared with the original values. 
This irreversible decrease in resona nce frequencies is 
superimposed on the reversible decrease associated 
with increased temperature in the course of l1, 

modulus-temperature determination. Table 3 gives 
typical data of such changes in mass and one of the 
resonance frequencies for some specimens before and 
after heating. 

T A BLE 3. Typical changes in mass and (l. resonance fr equency 
before and of leI' heating 

Mass Resonance 
fr equency 

Specimen tl1 b l 

(f. )' 
Before After m. 

Befor e After 
m, m . i, i. 

------

cis cis 
31- 1- ______ __ ___ 71. 296 71. 561 0.9963 2534 251 5 0. 985J 
32- 1- ___________ 77. 205 7i. 370 .9979 2410 2404 .9950 33- 1- ___________ 75. 489 75.726 . 9969 23J2 2302 . 9914 34- 1- ________ ___ 73.960 74.015 .9993 2445 2444 . 9992 

1 Ratio of mass before to mass after heatin/! . 
' Square of ratios of fundamen tal flat wise fl exural resonance frequencies before 

and after heating . 

No significance can be given to the differen t 
changes for the differen t specimens inasmuch as they 
were not subjected to the same time-temperature 
schedules. It is seen that the largest increases in 
mass are associated with the largest decreases in 
resonance frequency. However, the decrease in 
resonance frequency cannot be accounted for com
pletely by the increase in mass. In order for this 
condition to obtain the following relation would have 
to hold: 

(3) 

where m is the mass; j is a particular resonance 
frequency, and the subscripts b and a stand for 
"before" and "after " heating. Comparison of 
columns 4 and 7 of table 3 shows that the change in 
mass accoun ts for only a part of the change in 
resonance frequency. If the oxide only forms a 
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-coating over the main body of the specimen, as seems 
likely, this would account for the fact that (ja/fb) 2 ~ 
mb/ma. 5 

It was firs t hoped that if a specimen was heated 
once or, if necessary, several times, an oxide coating 
would even tually form which would inhibit further 
oxidation, so that subsequent determinations on such 
specimens would require no correction for this 
phenomenon. Unfortunately, this did not occur . 
Successive heatings, especiall~T if the times involved 
wcre not short, always resulted in some further 
oxidation. 

Clearly, the most effective way to avoid oxidation 
would be to have the specimen in a vacuum or inert 
atmosphere during the measurem ents at elevated 
temperatures. An apparatus for making such 
measw'ements in vacuo is available and was used 
to obtain the data for the TiC specimen, in which 
the oxidation was more extensive than in the cermets. 
Wachtman and Lam [4] also used this same apparatus 
for their determination on the K- 150B cermet 
(No. 31). However , it was found more convenient 
to use the larger furn ace in open atmosphere for the 
rcst of the specimens, . mainly because this larger 
furnace bad smaller thermal gradien ts, and also 
because the torsional response could be obtained 
much more readily in the larger (air) furn ace. 

After a number of sets of d eterminations ,yere made 
in tbis furnace in an ail' environment, the amount 
of fur ther oxidation was considerably reduced by 
having the furnace fiushed with nitrogen gas during 
a determination . The sets of determinations for 
the cermet specimens listed in table 1 include those 
made in ordinary and nitrogen flush ed atmosphere. 

The temperature-frequency relations were adjusted 
for the decrease due to oxidation by raising the 
recorded frequ ency at the high est temperatUl'e 
reached by multiplying by the factor , }b/}a, and 
linearly in tel'polating this in creasc from the highest 
temperature down to 800 DC. Below this tempel'fL
ture, it was established experim en tally that no 
significan t oxidation took place ia the times ordinar
ily involved . 

Also, since the oxide coating which a specimen took 
on on heating did not apparently affect its intrinsic 
elastic modulus nor its temperature dependence, 
the ne w lower values of}o after a particular hea ting 
could b e used with the origin fLl values of Yo and Go 
in subsequent sets of determinations. This procedure 
appeared justified by the reproducibility of successive 
sets of determinations when it was adopted. 

The nickel specimen did not oxidize sufficien tly to 
rcq uire correction . 

3 . Results 

3 .1 . Grain Boundary Slip 

W e co nsider first the Young's modulus tcmpcrature 
curves in figure 3. The gen eral pattern i seen to 
be an approximately linear decr ease un til a tempera
ture around 800 to 1,000 °C in which r egion a sharper 

, 'rhe cbanges in the resonance frequencies of the specimens on oxidation suggest 
t he possibility of tlleir utilization as a mea us of studying ox idation as a funcLion 
of t ime and temperature in addition to the conventional methods (of changes in 
mass or gas pressure) . 
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decrease takes place. Thi ioficction in the modulus
temperature characteristic is attributed to grain 
boundary slip (henceforth designatcd by the initials 
g .b.s.). This phenomenon h as becn di cussed by 
Zener [15] using data from polycrystallin e metals 
and extended by Wachtman and Lam [4] to poly
crystalline ceramics. 

A qualitative explanation of what is believed to 
occur may be presented in the following way; 

Until the temperature region of g.b.s. is reached, 
the grain boundaries do not contribute significan tly 
to the elastic modulus, the main contribution arising 
from the elastic properties of the grains themselves. 
The "normal" linear decrease in modulus with 
temperature is due to the odd and even powered 
terms of the anhormonic expansion as described by 
Stern [16[. (The thermal expansion is due only to 
the odd powered terms of the same expansion.) 

At some elevated temperature (which marks the 
onset of g.b.s.), viscous flow between grains adds a 
nonrecoverable, r elaxed component to the purely 
elastic (unrelaxed) str ain s which were predominant 
up to this r egion . Consequently, there is a r apid 
decrease in the measm ed modulus, which is super
imposed on the lin eal' decr ease that has taken place 
up to this temperature r egion. This process con
tinues at a faster r ate as the temperature rises and 
the effective viscosity decr eases. Since this viscous 
movement between grains involves en ergy losses, the 
region of g.b.s. is characterized not only by a more 
r a pid decrease in the measured modulus but also by 
an in crease in intel'llal friction (Q- I). The decrease 
in ampli tude and sharpness of the r eson ance r e
sponses, indicative of this rise in Q- I, did indeed take 
place and was chiefly r esponsible for the loss in pre
cision in this r egion . In fact, this incrcasc in Q- l is 
as much a feature of the r egion of g.b.s. as the in
fiection in thc temperature-modulus characteristic. 
Had these inflections taken place without t he con
comi tant increase in Q- I, thcn some other mcchanism 
would be r equired to explain them. 

As the temperature co ntinues to rise, the effective 
intergranular viscosity also continues to decrease 0 

that the energy losses associated with g.b.s. should 
also decrease. This should event ually result in a 
decrease in Q- l, though not to the level existing be
fore the region of g.b.s. This should b e evidenced 
by a partial restoration of the amplitude and sharp
n ess of the resonance responses and also by a second 
inflection in the modulus temperature curve. This 
marks the end of the region of g.b.s. Zener [15] 
cites experimental evidence of this second infl ection 
with metals. 

However , no reliable evidence of having traversed 
the region of g.b.s. was found for any of the materials 
of this investigation, nor, for that mattcr, with any 
cer amic m aterials m easured by the author, even when 
the temperature was raised more than 200 DC high er 
than that for which a final r eliable r esonan ce r esponse 
could b e detected. Wachtman and L am's data also 
gives no evidence of having traversed the region of 
g.b.s. Two possible explanations which suggest 
themselves for this are that the region of g.b.s. 
cover s a much wider t emperature region than antic-

J 



ipated or that if the region is traversed, the im
proved response'is not ~ufficient to be .detecte~ above 
the higher general nOIse level associated wIth the 
various mechanism.s which are more likely at ele-
vated temperatures. . . . 

The upper temperature 1lll1lt of recorded elastLC 
moduli was reached, then, when the r esponses be
came so diffuse and weak that they could not be 
distinguished from the. ge~eI·al. background noise an.d 
spurious responses whlCh ~nevltably deyelop when It 
becomes necessary to dnve the speCImens h~rder 
and harder as the true responses become progressIvely 
weaker . For the nickel specimen this limit occurred 
when the modulus temperature relationship was still 
linear as it did mainly for the torsional responses 
of thd cermet specimens, shown in figure 4. 

The general characteristics of th e modulus tem
peratme cmves as well as the recovery of sharpness 
and amplitude of the r~sonance responses are foun~ 
to be reversible on coolmg. Also, m the absence of 
oxidation, the specimens generally retmn to the 
same room temperature values of resonance fre
quency that they had originally, indicating no per
manent average structmal change due to g.b.~. 

It is also noted from figme 2 that no notIceable 
corresponding inflection occms in the therm.al e~
pansion cm'ves around t~le tem:peratm'e reglOn ~n 
which the inflection assocmted WIth g.b .s. occms 111 

figure 3. . . 
We now compare the types of speCHnens 'nth 

respect to g.b.s. It is noted th.at for. TiC the inflec
tion indicating the start of thIS r eglOn comes at a 
higher temperatme than for the cermets; and, once 
started the modulus drops more sharply for TiC 
than fdr the cermets. The presence of the metal in 
the cermet has the effect of hastening the start of, 
and broadening the measmable region of g.b .s. The 
contribution of the nickel on this region in the 
cermets is difficult to evaluate since the responses 
for the nickel itself died out before g.b .s. developed. 
However it seems reasonable that the presence of 
more tha'n one type of grain boundary should result 
in a broadening of the g.b .s. region. The presence 
of two types of. grains such as ar e present in ~he 
cermets results m three types of gram boundanes, 
Ni-Ni carbide-carbide, and Ni-carbide. 

In ;'eneral if there are n types of grams, and it is 
assu~ed th~t each grain forms a boundary either 
with another grain of the same type or with a diffe.r
ent type of grain , then the number of types of gram 
boundaries will be given by n(n+ l )/2. 

3.2. Temperature Coefficient of Elastic Moduli 

The relative decrease with temperature in Young's 
and sh ear modulus in the linear region, - l / Yo(t,Y/t,t ) 
and - 1/Go(t,G/t,t ), and their standard deviations are 
o'iven in table 4. These values were computed from 
~, least square solu tion of the numerical data on 
which fiO'ures 3 and 4 are based. The range of t,t 
selected (and also given in ~he table) w~s as wide as 
possible to give rep~'esenta~Ive valu~s WIthout enter
inO' into the inflectlOn regLOn madung the onset of b 

g.b.s. 
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TAB [. E 4. Relative decrease in Young's and shear moduli over 
the linear range 

Specimen 

TiC ____________ _ 
31., ______________ _ 
32 _______________ _ 
33 _______________ _ 
34 _______________ _ 
-'Ii. _____________ _ 

1 ("Y) ' -Yo Tt 
XIO-' per 0 C 

10. 4± 0. 3 d 
12.4± . 1 
13.3± . 2 
14. 4± . 2 
14. 5± . 1 
35. 7± . 6 

Ilt b in 0 C 

950 
900 
800 
700 
800 
600 

a Relative decrease in Young's modulus. 

1 ("G) ' 
-~ M 
XIO-' per 0 C 

13. 2± 0. 3 
14. 9± .8 
15. 9± .3 
1 5. 6± . 1 

b '-r emperature range from room temperature to value give n. 
c Helative decrease in shear modulus . 
d Standard devia tion , 

Ilt bin 0 C 

900 
690 
675 
800 

It is seen from table 4 that both - 1/ Y o(t, Y /t,t) and 
- l /Go(t,G/t,t ) m crease in absolute value with Jl1-

creasing metal content. TiC and Ni (for which only 
- 1/Y o(t,Y/t,t ) are available) have the lowest and 
hio' hest values or relative slop e respectively, Jorming 
th~ "end members" in the Joregoing pattem. 

Ccr'mets No. 33 and 34, which have t h e s~,me per
cent of metal content and vary from each other only 
in t hat one (N o. 33) contains only nickel as the m etal 
while the other (No. 34) contains 25 percent nickel 
and 5 percent molybdenum, show vcr? little differ
ence in - ]/Yo(t:J.Y/ t:J.t ) and - 1/Go(t,G/t,t ) , .From 
figure 2, it may also be seen that the. specimens 
arranO'e th emselves in th e same order With respect 

b 1 . to positive coefficients of tltel'1:na eXpanSlOl1, 
l /lo (t,l / t,t ) as they do for the negative temp erature 
coefficien ts of clastic moduli; i.e., the steep est slop es 
for both these coefficients regrLrclless of sign are 
associated with ni ckel and decrease in the same ordor 
for th e r emainder of the specimens. 

3.3. Titanium Carbide and Nickel 

The value of Yo obtained for the TiC sp ecimen 
(given in tabl~ 3) is.not definitiv~ for Ti.Cin general. 
First, the speCImen IS of commerclal punty and small 
impurit ies present probably affect ~he measured 
value of Yo to some extent. Second, m the process 
of manufacture TiC is often not produced in th e 
proper stochiom'etric ratio [.17], This can ~lso affect 
the value of Yo. The thud and most nnportant 
factor affecting t h e value of Yo of the .TiC speci!l1en 
was that it was quite porous. Its d enSIty, ~s d~nved 
from the m ass and volume, computed from ItS chmen 
sions was 3.558 gm/cm 3. Using the theoretic a 
density of 4.938 gm/cm3 of Schwartzk:opf [17] one 
calculates the porosity of the specimen to be 28 
percent. . 

Mackenzie [18] has developed a theoretIcal rela 
tion showinO' how the elastic modulus increases as 
the porosity decreases. Coble and Kingery [19] 
have 0 btained experimental results in good agreement 
with Mackenzie's relation using Al20 3 specimens of 
different porosites. Using Mackenzie's relation, the 
Y o of the TiC specimen was estimated to be 3411 
kilobars at theoretical density. One should also be 
cautioned here that the ceramic phase of the cermets 
is not "pure" TiC but a solid solu tion consisting of 
TiC and other carbides sec. 2 2. 1 a). 
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oble a nd Kingery also showed in t he paper just 
referl'ed to that th e rela tiv e slopes of t he Youncr's 
modulus temperature curves, - 1/Y o(t:,. Y /t:,.t ), in tIle 
lineal' r egion wer e essentially independent of th e poros
iLy of the specimens. If it is assumed that this also 
holds for TiC, th en the valu e of - l / Yo( t:,. Y / t:,.t) given 
i ll Lable 4 will not b e affected. Incid entally, t he 
relaLive changes in the elastic moduli ma~T b e com
p uLed directly from the primary data, Yl /Y o or 
Gl/GO, and ar e independent of the parLicular values 
selected Jor Y o or Go. 

The value of - 1/ Y o(t:,. Y / t:,. t) ob tained h ere for 
Hick el (3. 6 X 10- 4 p er DC) was in f[Lidy good agree
ment, as far as could b e determined from the graphs, 
wit h that obtained by K oster [19] [or a cold worked 
unmagnetized sp ecimen (3.8 X 10- 4 per DC). Koster 's 
range of t:,. t was from. - 180 to 400 DC, but t:,.t selected 
Jor th e vnJue just given was [rom 20 to 400 DC. 
F urther data tak en with t his specimen were also in 
general flg reem en t wi th those obtained by K oster Jor 
annealed specimens. 

3.4. Comparison of Relative Slopes of Young's and 
Shear Modulus 

Insp ection of tftble 4 ftlso shows Jor each typ e o[ 
specim en (where both values exist) t llat 

(5) 

Thi s means that Poisson 's nlLio, J.I. , incr eases wi th 
i ncreasing tempe rat ure. 

Individual values o[ J.I. calculated, from th e nu
m erical values o f Y l and Gl in all cases where bo th 
values existed , from eqn (2) con firmed this small but 
signifLcan t i ncrease in J.I. wi th increasing temp eraLure. 

Coble and Kingery [19] also found Poisso n's rat io 
1,0 increase with temperat ure for Al20 3 as did L ang 
fL lld Knu dsen [20] using TJ102 + O.5 p ercen t CaO b y 
weigh t. 

Zener [15] has deduced frOUl. th eoretical consid era
Lions that the r el axation associated with g.b .s. should 
C,Lllse th e rela tive decrease in th e measured value of 
G to b e three times that of Y. Unfortunately this 
resul t canno t be ch eck ed experimen tally, no t only 
because this r egion could no t be observed for G, but 
also because the upp er t emperature r egion o[ g.b.s 
could not be determined for Y. 

4. Summary 

1. The temperat ure dep endence of Young's mod
ulus and shear modulus on four types o[ nick el
bonded TiC specimens have b een determin ed by a 
dynamic r esonance method. Similar m easurem en ts 
have also b een m ade on nick el and TiC for 
compan son . 

2. The r elative decrease in both Young's and sh ear 
modulus with temperature was in the following order 
wi th th e material having th e smallest relative de
crease listed first: TiC, 10 percen t nick el conten t 
cer met , 20 percent nick el, 30 percen t nickel, and 25 
percen t n ick el +5 percen t molybdenum, and nickel. 

3. The inflection in Lhe Young's modulus tempera
ture curves was attribu ted Lo o'rain boundar y slip. 

4. The r ela tive decrease in sbear modulus wi th 
temperature was g reater than t hat [or Young's 
modulus, where bo th valu es were known, for the 
same typ e of specimen. Therefore Poi son's r atio 
rises slightly with temperat ure. 

The author is indebted to J . Pas tine for perform
ing a portion of the calcula tions on which figures 3 
a nd 4 were based, and to H . S. P arker and S. M . 
L ang for m aking the thermal expansion m easurem.en ts 
on t he cermet specimens. 
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