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Evaluation of Tensile, Compressive, Torsional, Transverse, 
and Impact Tests and Correlation of Results for Brittle 
Cermets 1 

Matthew J. Kerper, Lewis E. Mong, Maurice B. Stiefel/ and Sylvanus F. Holley 

S~atic tests. were studie.d for the .determination of m echanical properties of brittle 
matel'la~s: SpeCImens. of bnttle m~tenals, represented b y cermets having five different 
composl~!On s, were subJ ccted to tens tle, compressive, torsional, transverse, and impact tests. 
The desIgns of specimens and apparatus, suitability of the t ests to the materials, r efin ements 
Il1 test procedures, and the variability of results and their correlation were studied. The 
elastic prope.r t.ies were obtained f rom tensile, compressive, and t ransverse tests, and t he 
modulus of n gldl ty calculated from t he re liltS of t hese tests agreed with t hat from t he tor
s!On~1 test. T enSIle strength was obtained from t he tensile, torsional, and transverse tests on 
specllnens. of c~mparable s izes ~o accordance with a limit ing tensile stra in . Shear strengths 
were obtam ed III t he compressive tests. The correlation of impact valu es with mcchanical 
properties was unsatisfactory. 

1. Introduction 

The unusual mechanical propertie of refractory 
brittle materials, including cermets, intermetallics 
and special ceramic bodies, have r enewed the interest 
in test methods for determining these properties. 
Because of their heat and erosion re i tance these 
materials were suggested for many new engi~eering 
applications where high temperatures and stresses 
prevail. Divergent test methods and lack of control 
in the fabrication of the materials have resulted in 
confusing data for the mechanical properties. Con
sequently, t he test method for these brittle ma
terials have been extensively studied in order to give 
better descriptions of the materials for engineering 
purposes. 

The fabrication of cermet tensile specimens and 
their design have been studied by Blackburn [1].3 
Duckworth investigated the effects of specimen size 
[2J and bending [3J on the tensile strength. The 
causes of second fractures of tensile specimens were 
disc~ssed by Miklowitz [4J. Stiefel [5J made photo
elastIc studies of stress distribution for several 
designs of tensile specimens. The tensile test has 
been extensively used for ductile materials but 
although tensile data for brittle materials have' much 
theoretical interest, the test has rarely been employed 
for refractory ceramic materials [6 ,7J . 

The stress distribution in the compressive test of 
brit tle materials and the effect of specimen size were 
studied by Salmassy [8, 9, lOJ. The optimum shape 
for the compressive specimen wa investigated by 
Duckworth [3J and Nadai [11 , p. 328J . 

The torsional test for brittle materials has been 
studied by Duckworth [3J and Salmassy [9J; and tor
sion tests of refractory oxides were made by Stavro
lakis [12]. Stress corrections for plasticity were 
presented by N adai [13, p. 128J. 

1 This investigation was sponsored by Watertown Arsenal, 00 Project Number 
TB4-161A. 

2 Present address: 1230 Sixth Avenue, Rockefeller Oenter, New York ~O, N. Y. 
3 Figures in brackets indicate tbe literature references at tbe end of this paper. 

The elastic properties of brittle materials have been 
obtained from the popular transverse test both by the 
deflection method [14J and by the surface-strain 
method [3], which also gave Poisson's ratio. The 
mathematics for the transverse specimen, with it 
accompanying anticlastic curvatme, were presented 
by Timoshenko [15], who also reported Seewald' 
stress correction for the effect of concentrated loads 
[16, p. 99]. Photo elastic studies for different span
to-depth ratios were given by Froch t [17J . The 
altered tress distributions for short beams have been 
investigated by Timoshenko [16 , p. 66], Caswell [18], 
Seewald [16 , p. 99], and for short cylinder by Milli
gan [19J. Nadai [13, p. 164] evaluated the correc
tions in strength required 'when plastic flow occurs 
in the transverse specimens. The statistical t heory 
relating specimen size to strength was discussed by 
Weibull [20], Griffith [21], and Salmassy [9, 10]. 
Barriage [22] discussed this theory and gave data 
indicating causes of heterogeneity of specimens. 

The Charpy impact test ha b een standardized for 
metals [23] and organic plasti.cs [24] . The types and 
characteristics of impact tests have been discussed 
by Sayre [25], and Soxman [26J has studied the drop 
test for cermets . A highly specialized impact test 
employing a fly wheel was reported by Maxwell [27]. 
The reproducibility of t he Charpy test results was 
investigated by Driscoll [28], and the reduction in 
impact value by notching was studied by Quackenbos 
[29J who, with others [30], correlated impact values 
with flexure tests. There has been considerable dif
ference in opinion as to the correct method of test 
and the interpretation of results for the impact t est. 

The research work, described in this incomplete 
list of references, has served to improve the methods 
of test and the reliability of the results. 

These r eferences indicated that brittle materials 
were characterized by small elongations and small 
plastic deformations , but that they had widely 
ranging strengths and moduli of elasticity. The five 
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examples of refractory britt le materials teste~ in this 
investigation were selected (1) to emphasIze the 
problems of measuring extremely high strengths on 
the one hand and of very small strains on the other; 
and (2) to obtain homogeneous material in order to 
minimize the complication of material va~iati0J?- in 
the comparison of t he tests. These conslderatlOns 
led to the choice of four cermets and an intermetallic 
as specimen materials. 

In t he work reported here, additional refinements 
in the test methods were made. Each test was 
evaluated from the viewpoints of compliance 'yith 
the mathematical assumptions, instrumentatlOn, 
suitability to the materials, and the variability of 
the resul ts. A study of the correlation of the results 
from the tensile, compressive, torsional, transverse, 
and impact tests was also made to check the over-all 
performance of each test and to further explain the 
behavior of the cermets. 

2. Materials 

The compo sitions, methods of fabrication, den
sities, and porosities of the cermet specimens are 
given in table 1. Manufacturers of cermets supplied 
the finish-ground specimens. 

For each cermet, the same composition was speci
fied for specimens for each of the tests. The manu
facturer of cermet IV, however, made improvements 
in the fabrication of his product during the time 
in terval when specimens were purchased. Trans
verse specimens were obtained first, followed by 
tensile, impact, and torsional specimens. 

High-strength materials were represented by 
cermets I and II. Cermet III was an example of a 
material having considerable plasticity. Materials 
having small elongations were represen ted by cermets 
IV and V. The mechanical properties of cermet V, 
which was classified also as an intermetallic, were 
similar to those of some ceramic bodies having large 
percentages of refractory oxides. 

T A BLE 1. Compositions, methods of jab1-ication, densities, 
and porosities of cennet specimens 

Ccr· 
met 

desig· 
nation 

L .... 

11. ... 

lI1. .. 

IV ... 

V ... . 

Composition 

P cr-
Material cent 

{TUngsten carbide . 
CobaIL ........ . . _ 

{TUngsten carbide_ 
Co balL ....... _ ... 

{Titan.inm carbide. 
NickeL .. ......... 

{AlUmina ....... '. 
Cb rolTIlUm .. _ ..... 

{ZirCOnium boridc _~ Boron ____________ . 

by 
weight 

% 
94 
6 

S7 
13 

70 
30 

30 
70 

>90 
<10 

M ethod of 
fabrication 

} Cold press, 
sinter. 

} Cold press, 
sinter. 

l Cold press, 
J sinter. 

}SJip cast, 
, sinLer. 

}IIot press .... 

D en
sitya 

g/em' 
14. 90 

14. 15 

5.87 

5.88 

5.03 

Porosity a 
range 

"' '0 

"il. 

Kil. 

)iiI. 

0.1 109.0.h 

o.on to 11.0. b 

r a ASTM Method C~0-46 was used except Ihat specimens were prcssme satu· 
ated with heptane. 

b Range is [or different specimens. 

--I 

3. Tensile Test 

3.1 . Evaluation of Specimen Designs 

a . Specimens and Linkages 

Five specimens each of the five designs shown i~ 
figures 1 and 2 (A, B, C, D1 , D2) were made of 
cermet III. This material was selected because it; 
was relatively uniform, had moderate strength, and 
could be readily fabricated. The dimensions of the 
pin-end, T-end, and shouldered-end specimens were 
proportioned in accordance with the information 
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FIGU RE 1. Forms oj tensile specimens. 
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F I GURE 2. F'rGctli red tensile specimens made oJ cermet I I I . 

obtained from the photoelas Li c studies [5]. The 
basic design of the gripp ed-end specimens was de
veloped at t he Ohio State U niversity [1 ]. All speci
mens had a reduced portion for making strain meas
urements . This por tion was 1.25 in. long wiLh a con
st ant cross-sectional area of 0.05 sq. in . 

The adaptors, or grip,;, for linking the correspond
ing specimens to t he testing machin e are shown in 
figurc 3. Precau tions were t aken in machining to 
obtain axial loading. 

The load was transmitted from the adapt ors to the 
specimen by a pin for specimen A a nd by bearing sur
faces for B and C, figure 1, 2, and 3. These designs 
gave specimen heads that were mas ive compared to 
t he gage section . 

The load was t ransmitted for specimens of types 
D l and D2, figures 1, 2, and 3, from the grip t o the 
specim.en by means of a liner in shear . Th e grips 

(AI . (el (el 

I I 
{ 

(01 

F I GU R E 3. A daptors f or loadin g tensile specimens. 
Adaptors, or grips, fit specimen forms having corresponding letters, shown In 

figure 1. 

wer e tightened sufficiently to force the mild st ecllin er 
material, 20 mils thi ck , in to the grooves of t he jaws 
and specimen. The grips were especially designed 
to obtain axial loading. 

The long type of gripped-end specimen, Dl of 
figure 1, was originally designed to extend out of a 
f~rnace for high temperature t ests and permit grip
Pll::g at the colder end. A short type, D2, was ma
chmed from the end of each broken Dl form to give 
data indicating the value of this simpler specimen 
for room-temperatme tests. 

b . Apparatus and Procedure 

A hydraulically operated universal t es ting machine 
was used for loading the specimens. All grips and 
adaptors were attached to the t es ting machine by 
means of conventional ball-and-socket join ts, shown 
at the top of figure 3. 

Figure 4 shows a long gripped-end specimen in 
position with Tuckerman gaged mounted. The 
specimen stress was increased -in five equal steps, 
at a rate of 10,000 psi pel' miu te, to a maximum of 
10,000 psi, and then decreased in similar steps, to 
ob tain the data for the modulus of elastici ty. After 
determining the modulus of elasticity with the 
Tuekerman gages, t he gages were r emoved, and 
SR-4 electric-resistance strain gages were applied 
to the specimens in posi tions no ted in table 2. 
The loading procedure wi th the electric strain gages 
wa the arne a that used with the Tuckerman 
gages. The percen t of bending wa calculated as 
100 times the difference between the maximum 
surface strain and the average strain divided by the 
average strain. The method of calcula tion reported 

F IGUR E 4. A pparatus f or tensile test. 
A long gripped·end specimen with T uckerman strain gages is shown. 
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TABLE 2. Average results f or tensile tests on fi ve specimens of each of fi ve designs of specimens made from cermet III 

M od ulus of elasticity- Extensibility Fractn re 

from electric gages Bending 
Specimen from Poisson's T ensile at N um· 

form Tucker- ratio a strength rupture b Calcu- ber 
man Assembly A Assembly B Measured lated 0 Mode of 

gages-E speci· 
mens 

Gages E Gages E 
------ --- - --

10'psi lO'psi lO'psi psi Percent Percent Percent 
Pin·end _______ 56. 1 Two A-5 e __ _ 55.0 Four A- 12 t __ 54.9 0.23 g 72,050 7. 0 g 0. 142 gO. 128 {Single, in gage __ __ 2 

d(0.8) (1.2) (2. 0) (6. 6) (14.4) (37.5) (14.3) (14.0) Across pin hole ____ 3 
T-end _________ 55.2 Two A-5 e ___ 51.8 Four A- 12 t __ 55. 4 0.22 h 131. 000 3.2 h 0.278 h O. 235 {DOUgle, in gage ___ 2 

(1.0) (2.3) (1.1) (3.7) (5.8) (30.2) (2.3) (7. 4) Single, in gage _____ 1 
At T fillet _________ 2 

Shouldered- 53.5 Three A-7 , __ 51.0 T hree A- 12 i_ 55.3 0.22 112,940 2.3 0. 241 0.204 {Single, in gage ___ __ 4 
end. (0.6) (0. 1) (2.5) (nil) (11.5) (55.2) (12. 4) (9.2) Single through 1 

flaw in gage. 
L ong gripped- 54.8 Three A-7 , __ 57.4 Three A- 12 i_ 55. 1 0.22 141,200 3_3 0. 304 0.256 }Single, in gage~ ___ 5 end. (0. 3) (0. 1) (1. 1) (ni l) (8.0) (65_3) (11.6) (4.5) 

ringle, in gage _____ 3 
Short gripped- ------ - --- Three A-7 , __ 54. 5 Three A-12 k_ 54.0 0. 22 I 127, 700 5.2 10.251 10.236 Single, in enlarged 1 

end . (2.8) (1.0) (4. 5) (8. 7) (68. 2) (4.9) (8.4) en d. 
Accidental. _______ 1 

I 
I 

• Calcu lated [rom strains indicated by asscmbly A gages and an additional lateral A- 7 gage. 
b Average bending at rupture [or five specimens calculated by the method given by Duckworth [3]; i. e., bending= 100 (M ax surface strain minus average strain)! 

average strain . 
o Tensile strength X lOO/modulus of elasticity= P ercent calculated extensibility. 
d N umbers in parentheses are coefficients o[ variation [32]. 
e Placed axially on the wide sides of t hree specimens. 
£ One gage placed axially on each side of five specimens. 
g Average [or two specimens fracturing in gage; stresses in gage section o[ remaining t hree were 82,000, 86,700, and 89,000 psi. 
h Average for tbree specimens fracturing in gage; stresses in gage section of remaining two were 102,000 and 117,000 psi. 
i Placed axially and spaced at 1200 on two specimens. 
i Placed axiall y and spaced at 1200 on five specimens. 
k Placed axially and spaced at 1200 on three specimens. 
I Average for three specimens fracturing in gage; stresses in gage scctions of remaining two were 117,000 and 125,000 pSi. 

by Duckworth [3] was used to determine the maxi
mum strain . Lateral strains from gages placed at 
right angles to the longitudinal axis of the specimen 
were obtained simultaneously with the axial strains 
for the determination of Poisson's ratio . The 
electric strain gage measurements were corrected 
for lateral strains [3 1] . 

Following the final determinations of the modulus 
of elasticity, the specimens were stressed, in steps 
of 10,000 psi with a rate of 10,000 psi per minute, to 
failure. Strain readings were taken at each stress 
increment to obtain the stress-strain curves to 
rupture. 

The extensibility was the maximum tensile strain 
at fracture. The observed extensibility was the 
extrapolated strain at rupture from the stress
strain curve to rupture, reported in percent. It 
was also calculated as the ratio of tensile strength 
to modulus of elasticity and reported in percent. 

Considering the possible errors to be additive, tho 
rms error for the modulus of elasticity was 2.6 per
cent using the Tuckerman gage and 4.8 percent using 
the electric strain gages. The rms error in Poisson's 
ratio was 6.0 percent. These errors were probably 
less, for some compensation of errors could be ex
pected. Bending introduced uncertainties in the 
strength determinations [3]. 

c. Results and Discussion 

The resul ts obtained for the five differen t specimen 
designs of cermet III are reported in table 2, and a 
typical stress-strain curve for a specimen having D1 
form is shown in fig-ure 5. 

The modulus of elasticity values obtained by using 

the Tuckerman gages had lower coefficients of varia
tion [32] than those obtained by electric strain gages. 
This difference can occur because: (1) a larger meas
urement error was possible with the electric strain 
gag-es, and (2) a different electric strain gage was 
used for each gage application whlie t he same pair of 
Tuckerman gages was used throughout the tests. 

The maximum percentage difference between the 
average moduli of elasticity for the five types of 
specimens made of cermet III was approximately the 
same as the exp erimental error. The average mod
ulus of elasticity of the short gripped-end specimens 
was slightly less than for the long specimens from 
which they were cut. A lower value for the short 
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FIGURE 5. Stress-strain curves for long gripped-end specimens 
of cermets tested in tension. 

The numbers refer to cermets given in table 1. 
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spccimens was expected because they were pre
stressed beyond their elastic limit during the tensile 
tests on the long specimens, and they were subjected 
to shock when the latter specimens broke. All of 
the five designs were satisfactory, as expected from 
the photoelastic studies [5], for the determination of 
the modulus of elasticity of cermet III. 

The Poisson's ratios for the dillerent forms agreed 
rather well. It appears that electric strain gages are 
satisfactory for the determination of Poisson's ratio 
of a cermet in a tensile test. 

The amount of bending varied during loading for 
many specimens, usually decreasing as the load in
creased. For comparative purposes, the bending at 
rupture was used. Bending was largest for the pin
end .specimens and smallest for the shouldered-end 
speCllnens. 

Table 2 gives the tensile strengths and the types 
of fractme for the five designs of specimens of cermet 
III. The types of fracture arc illustrated in figure 2. 

Three of the pin-end specimens broke across the 
pin hole. The two specimens that broke in the gage 
section had very low strengths when compared to 
those of other forms. 

Two T-end pecimens broke at the shoulder. The 
remaining three specimens broke in the gage section, 
two with double breaks [4]. The strengths of these 
three werc comparatively high. 

All of the shouldered-cnd spccimens failed in the 
gage section. The average strength for thc e speci
mens was approximately 14 percent les than for the 
T-cnd form. The double lcngth of the gage portion 
may havc been expected to rcduce the str ength a 
small amount [2], but it is doubted that it was the 
only factor that lowered the strength 0 much. 
The modulus of elasticity was also slightly lower 
for this form, and it was possible that the heavy 
ends and comparatively slender gage portion contrib
uted to overstressing during m.achining of this form 
with the accompanying gencration of stress-raisers . 

The long gripp ed-end specimens had the highest 
average strength of the five forms. All of the 
specimens fractured with a single brcak in the gage 
length. 

The short gripped-end specimens had an average 
tensile strength 10 percent lower than the correspond
ing long specimens, from which they were cut. This 
difference may be due in part to the prestressing and 
shock in the tests on the original specimens. One 
specimen broke in the enlarged end and the remaining 
three broke in the gage length. 

Both the experimental and the calculated ex
tensibilities are I'eported in table 2. The ratios of 
these two values of extensibilities were substantially 
the same for the dillerent forms because all speci
mens were made of the same ccrmet material. As 
the modulus of elasticity was essentially the same 
for all five, the extensibility values depended on the 
strength. The measurcd extensibility included the 
plastic strain and represented the behavior of the 
material more accurately, figure 5. 

The pin-end and T-end forms were unsatisfactory 
for strength tests because breaks occurred outside 
the gage section. The pin-end specimen may be 

u able if the heads are made thicker in the direction 
of the holes. The T -end specimen needs a larger 
radius between the head and the gage section. This 
modification would necessitate a thicker head and 
would increase the fabrication difficulties. For both 
the shouldered-end and gripped-end designs, the 
fracture characteristics and the percent bending 
were reasonably satisfactory. Both designs require 
careful machining. The shouldered-end specimen 
requires that a large amount of material be removed 
to make the gage section. The long gripped-end 
specimen is slender but can be satisfactorily fabri
cated, if carefully done. 

The long gripped-end design was chosen as the best 
design of the five for (1) it showed the highest 
strength, (2) the variation between specimens was 
relatively small, (3) the bending was reasonably low, 
and (4) the specimen can be used without fmther 
modification for tests at elevated temperatures. The 
hort gripped-end specimen i probably atisfactory 

for use at room temperature and is relatively easy 
to fabricate. 

3.2. Suitability of the Long Gripped-End Specimen 
for Different Cermets 

a. Specimens, Apparatus, and Procedure 

After the long gripped-end pecimen design had 
been chosen as the bcst, five specimen each of this de
sign of cermets I , II, and IV were obtained. As a pre
caution against lippin g, the design wa modified to 
include more grooves as shown in figure 1, D 3. The 
apparatus and thc procedure were thc same as those 
described for testing the long gripped-end specimen, 
except that the strains were measured with electric 
strain gages only. All five specimens of cermct IV 
were improperly fabricated by the manufacturer, the 
enlarged cnds being slightly out of line with the gage 
portion. The gripped portions of the enlargcd ends 
were reground to aline with the gage portion before 
testing. The ma nufacturer of cermet V declincd to 
furnish specimens. 

b. Results and Discussion 

The moduli of elasticity, strengths, extensibilities, 
Poisson's ratios, bending percentages, and types of 
fracture are given in table 3 for ccr'mets I, II, III, 
and IV. Typical stress-strain diagrams for the cer
mets are shown in figure 5. 

The plot of stress and strain for cermets II, III, 
and IV showed some curvature. The stress-strain 
diagram for cermet I was a straight line to rupture. 

The cermets I , II , and III had comparatively low 
coefficients of variation for modulus of elasticity, but 
the coefficients for strength and extensibility were 
considerably higher. Nevertheless, these coefficients 
of variation for strength were considered to reflect 
material variability and were slightly lower than 
some reported values for a similar material [3]. The 
corresponding coefficients were considerably larger 
for cermet IV. "1 

The specimens all ruptured in the gage length with 
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TABLE 3. Avemge tensile properties of five long gripped-end specimens of each of cermets I , II, III, and IV 

Extensibili ty Fracture 
Modulus Bcnding 

Cermct of Poisson's Tensile at 
elasticity' ratio b stt'ellgth rupture' Caleu· Number 

~feasilled lated d Mode of speci· 
mens 

--------

10' psi psi % % % 
L ............... 89.9 0. 21 176, 000 3.4 0. 201 0.196 Single, in gage ........ •.. ..... . 

, (0.9) (2.3) (6.0) (70. 8) (6. 0) (6.0) 

II .... . .......... 78.6 0.23 (204,000 0.6 (0.292 ' 0.259 {Single, in gage .......... ....... 
(0.4) (nil) (5.0) (38. 6) (6.1) (4. 9) Single, in tilleL .............. 

Single, thm fl aw ill filleL •.... 

IlL ............. g 55. 1 0. 22 141, 200 3.3 0. 304 0.256 Single, in gage ................. 
(1.1) (nil) (8.0) (65.3) (11. 6) (4. 5) 

1' ............... 43.1 0. 22 38,100 6. 9 0.100 0.089 Single, in gage .. . ..•. ......•... 
(4.4) (nil) (13.6) (40.1) (16.2) (15. 9) 

• Average for electric strain gages from Assembly A consisting of three axial A-7 gages at 1200 and one lateral A-7 gage on two speci· 
mens, .. nd Assembly B con.isting of three axial A-12 electric strain gages spaced at 1200 on three specimens. 

b Average for two specimens having gage Assembly A. 
, Calculated by method given by Dnckworth [3] for five specimens. 
d Tenslle strength xlOO/modulus of elast icity=percent calculated extensibility. 
' Numbers in parentheses are coefficients of variation [32]. 
( Average for three specimens fracturing in gage; stresses in gage sectlou of remaining two were 169,000 and 225,000 psi. 
s Average for fi ve specimens having Assembly A gages . 

.-a single break except for two specimens that broke 
-outside the reduced portion. One of these broke 
through a flaw in the fillet portion. No other flaws 
were noted. 

The average percentage of bending was negligible 
for cermet II. The results for cermets I and III 
indicated reasonably low bending, but the bending 
of cermet IV was larger, due, in part, to the in
accurate shape of the specimens. 

3 .3 . Evaluation of the Tensile Test 

The essential l'equirements for a satisfactory tensile 
test on cermets are (1) a satisfactory specimen 
.design, such as the long gripped-end of shouldered 
end specimen, (2) accurately shaped specimens and 
adaptors, (3) accurate alinement, chccked by bend
ing measurements of specimens, adaptors , and test
ing machine, and (4) sensitive strain gages such as 
electric-resistance or Tuckerman strain gages. 

The tensile test gives reliable values of modulus 
of elasticity, Poisson's ratio , and tensilc strength 
'wi thou t complicated corrections. 

4 . Compressive Test 

4.1. Specimens 

The compression specimens, 0.424 in. square by 
1.27 in. long, were machined from the enlarged ends 
-of fractured flexure specimens (Bl form) to be de
scribed later. Five specimens each of cermets I , II, 
III, and IV, and th.ree specimens of cermet V were 
'prepared. 

4.2 . Apparatus and Procedure 

In the preliminary tests, the bearings for the speci
mens were blocks of cermet I either in direct contact 
with the specimen ends or separated by thin metal 
'pads. Parallelism of the blocks was to be obtained 

either by a hemispheric bearing attachment or by 
casting a thin plaster of Paris layer between the 
bearing block and the head of a hydraulic testing 
machine having a capacity of 300,000 lb. 

In the final improved method of test, the bearing 
blocks, or anvils, consisted of an insert of cermet I in 
a tool steel holder which was shrink-fitted. The cer
met and opposite faces were made parallel by finish 
grinding. The cermet face of the anvil was reground 
before each test because the surface was mughened 
in the preceding test by the end of the specimen at 
the high stresses required for its fracture. The an
vils made direct contact with the crosshead and 
table, which were accurately parallel, of an "electro
matic" testing machine having a capacity of 200,000 
lb . 

Electric-resistance strain gages were attached at 
the middle of each of the four sides of the specimen 
for strain measurements. For axial strains, used to 
calculate the modulus of elasticity, A-7 gages, 
(SR-4), were used. AX- 7 rosette gages were placed 
on two opposi te sides of each of three specimens of 
each cermet for both lateral and axial strains, which 
were used to calculate Poisson's ratio. All strains 
were corrected for lateral strain [31]. The percent 
bending was calculated, as in the tensile test, by 
Duckworth's method [3]. 

Specimens were stressed in increments of 11 ,300 psi 
for modulus-of-elasticity measurements. The speci
mens were then loaded to rupture in increments of 
28,300 psi. train and stress were read at each 
increment. 

The root-mean-square errors introduced by the 
measuring devices were: 15.1 percent for modulus of 
elasticity, 4.5 percent for Poisson's ratio, and 1.5 per
cent for compressive strength. The additional error 
in strength due to bending was indeterminate [3] . 

4.3. Results and Discussion 

In the preliminary tests employing the hemispher
ical attachment, bending was erratic and sometimes 
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so large that a side of the spccimcn was in tension. 
Satisfactory values of bending were sometimes 
obtained when a layer of plaster of Paris was used, 
but the lowest values were obtained with the cermet 
I tool steel bearings and the well alined testing 
machine. The use of thin pads between the speci
men and the bearings did not reduce bending. 

The modulus of elastici ty, compressive strength, 
Poisson's ratio, and the percent bending are pre
sented in table 4. For cermets I , II, and III, the 
modulus of elastici ty and the compressive strengths 
had low coefficients of variation, and the bending 
was small. The largcr variability and bending noted 
in cermets IV and V were attributed to the materials 
and not to the test, for they also had large coefficients 
of variation in the other tests. The values for 
Poisson's ratio were in good agreement for specimens 
of a particular composition. The percent bending 
for all cermets showed a large coefficient of variation 
whether the actual bending was large or small. 
Since all conditions of the te t were reproduced as 
nearly as possible, the large variation in bending 
seems to be an inherent characteristic of the com
pression test. 

TABLE 4. A vemge results from com pression tests for each of 
fi ve cermets 

Modulus Poisson's Oo mpres- Oalculated 
Oermet · of Bending b ratio sive strain at 

elasticity strength ruptnre 0 

-
10' psi % psi % L ______ __ _ 91. 3 6. 8 0.22 588, 000 0.646 

d (3. 4) (60.3 ) (nil) (2.4) (5.7) 

11.. ____ ___ 7 .8 5. 4 0.23 555 800 0.705 
(0.9) (5 1. 9) (4.4) (t.8) (2.4 ) 

IlL __ _____ .50.9 6. 1 0.24 374, 000 0.735 
(1. 4) (28.9) (2.0) (3. 1) (2.2) 

IV ____ __ __ 41. 4 22.1 0.23 118,500 0.289 
(6.5) (52.5) (5.2) (11.2) (16.6) 

V .. __ ____ _ 44.5 14. 1 0. 17 181,300 0. 400 
(11. 9) (57.4) (3.5) (nO) (18.8) 

• Five specimens of eacb of ecrmets I, II, III, a nd IV, and tbree specimens of 
<lermet V were tested. Tbe specimens were 0.424 in. sqnare in cross section by 
1.27 in. long. 

b Oalculated according to Duckwortb [3]. 
e Oalculated strain at rupture=eompressive stren gtb x 100/modulus of elasticity. 
d Numbers in parentbeses are eoellieients of variation in percent [32]. 

Figure 6 shows a typical stress-strain curve for a 
specimen of each of the five cermet materials. The 
curves for cermets I , II, and III had considerable 
curvature, and the strains increased rapidly as their 
compressive strengths were approached making 
accurate measurements impossible with the portable 
strain indicator. Cermet IV had an almost straigh t 
line to the largest stress shown on the graph. Be
yond this point the strain increased so rapidly that it 
could not be measured accurately. Cermet V was 
the only material that exhibited a linear stress-strain 
curve to rupture. 

In gencral the specimens ruptured violently and 
were reduced to many small fragments, and detec
tion of any flaws on the fracture surfaces was im
possible. Specimens of cermet IV did not shatter 
completely, but broke into small fragments at the 
.ends and left the middle intact. One specimen 

480 

II 

400 

ill 
v> 320 a. 

'" Q 
(/)~ 

(/) 24 0 w 
a: 
J-
(/) 

160 

80 

4000 8000 12,000 
STRAIN. fl-i n.lin. 

FIGURE 6. Stress-st"ain curves of cennets tested in compression. 
Tbe numbers refel"'to eermets given in table 1. 

formed a slip plane and did not shattcr. This be
havior was not surprising because cermet IV con
tained 70 percent metal. 

Friction between the ends of the specimen and the 
anvils causes a distortion in the stress distribution, 
r esulting in a strcss concentration near the end of the 
specimcn with a lowered average stress at fracture. 
Although this error has not becn evaluated, its 
presence has led to the conclusion that the compres
sion test is not reliable for brittle materials [8] . The 
results for ccrmets, table 4, indicate that the co
efficients of variation are not appreciably greater 
than for the other mechanical tests, and that the 
error is consistent. Suggested means for reducing 
the error are, (1) lubricate the ends of the specimens, 
(2) make the ends of the specimen concave to match 
a cone-shaped anvil having the angle of friction, and 
(3) enlarge the end of the specimen, and fillet to the 
gage section [33]. 

The most common compression test specimens are 
right prisms or right cylinders, but other shapes are 
occasionally used [33]. The cylindrical shape is 
recommended often by the American Society for 
T esting Materials (ASTM) and also by Duck
worth [3]. The shape factor seems to be minor, and 
the shape of the original stock often dictates the 
shape of the specimen. . 

rrhe importance of uniform stress distribution and 
the effects of nonuniform distribution were discussed 
by Salmassy [8]. Stress distribution in this work 
was improved by (1) maintaining accurate alinement 
of specimen, bearings, and testing machine, and (2) 
the use of a testing machine having very little lateral 
movement of the crosshead r elative to the table. 
Subpresses have also been employed to maintain 
alinement [34]. 
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4.4. Evaluation of the Compressive Test 

The major requirements for the compressive test 
on cermets are (1 ) accurately shaped specimens, (2) 
accurate alinement of specimens, bearings, and test
ing machine, (3) a testing machine with little lateral 
movement between the head and table, (4) bearings 
having sufficient hardness and strength, and (5) 
reducing bending to a minimum as indicated by 
multiple strain gages. 

Prismatic or cylindrical specimens are suitable for 
the comparison of modulus of elasticity, Poisson's 
ratio , and compressive strength of cermets. Speci
mens having special shapes are required to obtain 
the true compressive strength. 

5. Torsion Test 

5.1. Specimens and Chucks 

The design of the specimen was similar to that 
used in other laboratories for torsion tests of brittle 
materials [3, 12]. Figure 7 shows the specimen and 
gives its dimensions. The chucks consisted of a 
single piece and had l.OOO-in. square sockets to fit 
the specimen as shown in figure 8. 

+ 
/ 

END V l EW 

FIGU RE 7. Torsion specimen. 
The square indicates the position of a rosette strain gage. and the arrows indio 

cate the directions of principal tensile and compressive strains. 

5 .2. Apparatus 

A torsion machine having a capacity of 0 to 40 ,000 
in.-lb , in four ranges, was designed especially for 
torsion testing of brittle materials , which are sensi
tive to bending. Bending of the specimen was re
duced by making the main members of the frame 
of the testing machine symmetrical about the center 
line of the specimen, figure 8, as is done for conven
tional tensile-compressive testing machines. The 
conventional torsion-testing machine differs in that 
its frame is not symmetrical, and the applied torque 
may. cause a bending moment to be applied to the 
speClmen. 

The angular deformation of the specimen was 
measured by means of the optical twist gages shown 
mounted on a specimen in figure 9. The optical 
systems for measuring twist using Tuckerman auto-

FIGU RE 8. Apparatus f or torsional test. 
The torque b ead of the testin g m acbine is witbdrawn from the specimen C. 

Autocollimators A and B complete the optical system of tbe Tuckerman twist 
gage. D is a rigbt an gle prism to facilitate readings on B. 

FIGURE 9. Optical twist gage. 
Clamps A and B con tact t he gage marks, spaced 2 in ., cf t be specimen C at 

knife edges, D and E , 1 mm wide. 'rwist from A is transmitted to r-ruckerman 
prisms H aod I by arms ]0' and G. Twist from B is t ransmitted to first-surface 
mirrors K and L adjusted by screws M . 

collimators [35], (A and B, figure 8) were established 
on opposite sides of the specimen when mirrors K 
and L were properly positioned before the roof 
prisms H and I. The gage was sensitive to 0.00001 
radian. 

A.t."\.- 7 electric-resistance strain gages (SR- 4) of 
the rosette type were used to measure surface strains, 
and were placed at 45° to the long axis at the middle, 
figure 7, and on opposite sides of the reduced section 
of the specimen. 

All strain readings were corrected for lateral strain 
effects by the method described by Baumberger and 
Hines [31]. 

5.3 . Procedure 

The optical twist gages were mounted and the 
specimen placed in the torsion machine, as shown in 
figures 8 and 9. The torque was applied at a strain 
rate of 0.005 radian per minute in five increments of 
80 in.-lb to a maA-imum torque of 400 in.-lb and re
duced in five decrements to zero. Twist and torque 
were measured after each increment and decrement. 
The modulus of rigidity was calculated from these 
data using the following equation [15, p. 364] : 
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where 

G= modulus of rigidity, 
M = applied torque, 

(1) 

L =gage length (axial di tance between knife 
edges), 

8 = total angular twist in radians for the gage 
length , 

d = diameter of the reduced section . 

The optical twist gages were removed after measure
ments with them were completed, and the electric 
strain gages placed in position. Data from these 
gages were used to calculate the modulus of rigidity 
by the following equations [15, p. 55] for the same 
loading procedure as that with the optical twist gages: 

and 
G= 'rmnx Tmax 

I'm.. (€4S- €1 3S) 
where 

€4S = principal tensile strain, 
-€13s=principal compreE.sive strain, 

G= modulus of rigidity, 
Tmax=shear stress, 
'Ymax=shear strain. 

(2) 

(3) 

After th e measuremen t::! for the determination of 
the modulus of rigidity were completed, torque was 
applied , at the strain rate of 0.005 radian per minute, 
in increments of 80 in.-Ib, to failure. Torque and 
strain measuremen ts were taken at each succeeding 
load increment until fracture occurred. 

The shear stress at fractm'e, T max, was calculated 
from either [15, p. 264] : 

(4) 

or, for materials having nonlinear torque-twist rela
tions to rupture, from Nadai's equation [13, p. 128] 

(5) 

where Mmax= torque at fracture. 

All fracture surfaces were examined for flaws using 
a binocular microscope. 

Some errors were introduced in the measurement 
of load and strain by t.he limited sensitivity and 
accuracy of the measuring devices . The measure
ment of the applied t.orque could have int.roduced 
an error of 0.5 percent in the modulus of rigidity and 
of 2 percent in the torsional strength. The optical 
twist gages could have introduced an error of 0.5 
percent in the modulus of rigidity due to the measure
ment of the span and an error of 0.2 percent due to 
the gage itself. 

Bonded electric-resistance strain gages are subj ect 
to a thickness error when they are used for strain 
measurements in a torsion test. The gage wire used 
to measure strain at the outer surface of the speci
men is actually removed from the outer surface by 
a distance equal to the thickness of the paper Oll 

which the wire is mounted, the cement layer, ancl 
half the thickness of the wire. The average distance 
from midwire to specimen surface was determined 
by measuring the thic1mess of several gages before 
and after mounting on a specimen, and this distance 
was used in a correction for the strain readings. 
The variation in this distance was sometimes appre
ciable and the resul ting error in strain may have been 
as large as one percent of the observed value. 

Each electric gage was placed as accura tely as 
possible, and deviation from the proper alinement 
was undoubtedly small. The gage factor tolerance 
was 2 percent or less. The train indicator could 
possibly introduce an error of 4 percent in the 
modulus-of-rigidity measurements. The calculated 
rms error for the torsional strength was 2 percent; 
for the modulus of rigidity determined by the modi
fied Tuckerman strain gage, it was 0.74 percent; and 
for the modulus of rigidity determined by the bonded 
electric-re istance strain gages, it was 4.6 percent. 

5.4. Results and Discussion 

The modulus of rigidity, determined by both the 
optical twi t gages and the electric strain gages, and 
the trength in torsion are given in table 5. 

The coefficient of variation for the modulus of 
rigidity determined by the optical twist gages was 
low for all materials except cermet V. For all m ate
rials, the coefficient of variation for the modulus of 
rigidity was higher when determined from electric
strain-gage data than when determined from optical
twist-gage data. 

TABLE 5. Average results from torsional tests of each of five 
cermets 

Modulus of rig- 'rorsional strength Shear strain at rup-
idity- ture 

Cermet· 
}-"' rom op· From Calcu- Calcu-

tical electric lated by latcd by Calcu- M eas-
twist strain equation equa- lated b ured 
gages gages (4) tion (5) 

----------------
10' psi 10' psi psi psi Percent Percent L _______ _ 38.0 36.0 156,800 156,800 0.436 0. 435 
, (1. 0) (2.9) (5.0) (5.0) (5.8) (5. 1) 

11.. __ ____ 32. 7 33. 0 195,100 180,200 0. 547 0.724 
(1. 3) (7.4) (6. 9) (7.5) (7.6) (7.4) 

IlL ______ 22.9 22. 8 d1l6,600 dl09,400 dO.500 dO.668 
(1. 8) (8.6) (15.0) (14.7) (19. 1) (23.2) 

IV ________ 17.0 18.5 ·43,500 • 43, 500 e O.243 • O. 244 
\1. 0) (7.2) (3.8) (3.8) (5. 2) (6.5) 

v __ .. _ .. __ 24.5 25. 4 23.700 23,700 0.095 0.093 
(10. 7) (1 1. 0) (9.3 ) (9.3) (15. 4) (16.8) 

• Five specimens were tested for each cermet excep t cermet V for which tbere 
were fo ur specimens. 

b Torsional strength X IOO/modnlus of r igidity=calcnlated shear strain at rup
ture. 

• Numbers in parentheses are coefficients of variation in percent [32J. 
d D efects noted on fract ure surface of one specimen w hich broke at 95,600 psi, 

not inclnded in tbe average, by eq (5). 
• D efocts noted on fracture surface of one specimen which broke at 36,600 psi, 

not inclnded in tbe average, by oq (5). 
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For some specimens the modulus of rigidity deter
mined by the electric strain gages did not agree well 
with the modulus of rigidity determined by the 
optical twist gages. Although less precise, the elec
tric strain gages had advantages in that it was 
possible to measure strain to rupture and to detect 
bending from differences in measured strain. No 
appreciable differences indicating bending were 
observed in the strain readings among the four indi
vidual electric strain gages, and the specimens were 
considered to be in a state of simple torsion. The 
average electric-strain-gage readings were used in 
the calculations. 

The coefficients of variation for strength were 
rather large, but this variation is common for brittle 
materials. The torsional strength calculated by the 
method of Nadai [13, p. 128] eq (5), was less for 
cermets II and III than that calculated by the 
elementary eq (4). The necessity of correcting for 
plastic deformation required the measurement of 
shear strain to rupture. 

Two specimens, one each of cermets III and IV, 
had pinholes slightly below the surface of the speci
men. These specimens had lower-than-average 
values of torsional strength. All specimens, includ
ing those that showed plastic flow, when ruptured 
exhibited the typical helical fracture of brittle 
materials caused by tensile stresses [15, p. 55]. 

Typical stress-strain curves in shear for each of 
the five cermets are shown in figure 10. The shear 
strains at rupture, both calculated by dividing the 
torsional strength by the modulus of rigidity, and 
measured, are given in table 5. The measured shear 
strains at rupture were obtained directly from the 
shear stress'-strain curves to rupture and included 
the additional deformation due to plasticity. For 
the materials that did not exhibit any plasticity, 
the experimental shear strains at rupture were the 
same as the calculated shear strains. For the two 
"plastic" materials, cermets II and III, the experi
mental shear strains at rupture were about 24 percent 
greater than the calculated values. 
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5 .5 . Evaluation of the Torsional Test 

The essential requirements for the torsional test 
are (1) specimens designed with adequate fillets and 
having accurate shaping, (2) accurate alinement of 
the specimen with a symmetric testing machine to 
avoid bending, (3) the use of strain gages to measure 
the principal tensile and compressive surface strains 
for the calcula tion of bending, modulus of rigidity 
and plasticity, and (4) the correction of strength fo; 
errors due to plasticity. 

The torsional test gives reliable values of modulus 
of rigidity and torsional strength of cermets. Th e 
torsional strength is related to the tensile strength 
as discussed in a later section. 

6 . Transverse Test 

6.l. Specimens 

Figure 11 shows the shapes, dimensions, and 

Dimension Form 
D '.r B R L S 0 X _FI~ ---

A-L ____ 0.150 0.212 0. 450 0.300 1.100 1.366 3.833 0.450 0.667 0.250 A-2 _____ .150 .212 .450 .300 2. 100 1.700 5.500 .450 1.000 .250 A-3 _____ .150 .212 .450 .300 3. 100 2.033 7. 167 .450 1. 333 .250 B-L ___ _ .300 .424 .900 .600 LlOO 2, 117 5.334 .900 0.967 .250 O-L ___ .424 .600 1.272 .848 1.100 2.737 6.575 1. 272 1. 215 .250 

~ ____ -L ______ ~ ______ ~IJ 

FRONT VIEW 

FIGURE 11. Dimensions and loading points for enlarged end 
transverse specimens having fifth-point loading. 

L-______________ ~I~ 
TOP VIEW 

'I ---_____ 1-1. c=J 

I ----J-yo 1--.----- 2.00" - -
'Q 

FR ONT VIEW END VIEW 

f 1----1.50" -----f 
p p 
'2 '2 

FIGURE 10. Shear stress-strain curves of cermets tested in LOADING POINTS 
torsion. FIGU RE 12. Dimensions and loading points for form-D 

The numbers refer to cermets given in table 1. specimens. 
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loading points for five sizes of enlarged-end specimens 
for the transverse tests. Dimensions of fillets, loca
tion of the loading points, and thickness of the 
enlarged ends were calculated from information 
given by Duckworth [36] and from data determined 
in this laboratory. 

The shape and dimensions of the prismatic, form-D 
specimens are given in figm e 12. Tbe cross section 
of these specimens was similar to that used at other 
laboratories [37], and was the same as the cross 
section of tbe A forms. 

Five specimens of each cermet in each of the six 
forms were obtained, with the exception of those for 
cermet V. The manufactm er of this cermet was 
unable to fumish the A3 and 0 1 forms, and only 
three specimens of each of tb e remaining forms were 
obtained. 

6.2. Apparatus 

Figm e 13 shows the loading apparatus used in 
testing the specimens having enlarged ends. The 
cylindrical rollers that serve as knife edges are 
positioned by spring-beld side plates. This arrange
ment allows for movement of the roller in the 
direction of the longitudinal axis of the specimen, 
relieving either compressive or tensile stresses due 
to changes in the length of span dming loading. 

FIGURE 13. Loading apparatus for enlarged-end specimens. 
Block A spaces tbe supports Band D . and beam G spaces the loaders E and F. 

Twist in tbc spechnen C is compensated by rocker bases of D. E. and F. wbose 
center of curvature is at tbe centerline of tbe specimen. The load applied by tbe 
crosshead is transmitted through H and divided eq ually by beam G. baving a 
semicyliudrical bearing (not visible) at its midpoiut. Magnets K pOSition tbe 
parts to the testiug machine. 

Because of the different sizes of specimen forms 
that were tested on this apparatus, it was neces
sarily complex. A smaller version of this apparatus 
was used in testing the form-D specimens . 

A deflectometer similar in design to that described 
by Mong and Pendergast [38, p. 301] was used. 
When attached to the specimen, it made contact 
at the midpoint and at one end of the span on the 
centerline. At the other end of the span, there 
were two movable contac ts located laterally from 
the centerline to give one of three lateral spans. 
The sensitivity of the deflectometer was 2 f.J. in. 

Bonded wire-resistance electric strain gages (SR-4) 
were used to measure smface strains. The gage 
lengths were selected according to the application 
and ranged from X to 1 in . 

6.3. Procedure 

Specimens were loaded and unloaded in five or 
more incremen ts to obtain a maximum stress of 
approximately 20 percent of the strength . The 
rate of stressing between increments was approxi
mately 60,000 psi per minute. At each increment, 
deflection and load were recorded, and the modulus 
of elasticity was calculated by the elementary beam 
formula [38, eq (7)]. The movable pair of contact 
points of the deflectometer were se t to give the small
est lateral span. 

The procedure was repeated for each of the other 
two settings of the lateral span on the defiectometer 
for eight specimens. The differences in the resulting 
moduli of elasticity were compared to the calcula ted 
differences [38, eq (8)] for each specimen. 

After the defiection measurements were com
pleted, wire-resistance strain gages were attached to 
the specimens on the tensile and compressive sur
faces to determine axial and lateral strains, excep t 
for form D which had space for only one axial gage 
on the tensile side. The modulus of elasticity was 
calculated from longitudinal-strain measurements 
[38, eq (1) and (2)] obtained with the same loading 
procedme employed in the tests using the deflecto
meter . The strain-gage readings were corrected 
for lateral strain and thickness error as in the tor
sional test. 

When the tests for modulus of elasticity were 
completed, the specimens were loaded in increments 
similar to those for modulus of elasticity, to obtain 
stress-strain curves to rupture and the transverse 
strength. The strength was calculated by the ele
mentary beam formula, [38, eq. (1)] for cermets 
having linear stress-strain curves, but for those 
cermets having plasticity, indicated by nonlinear 
cmves, Nadai's formula [13, p. 164] was used. See
wald's method, [16, p. 99], was used to calculate the 
strength of the form-D specimens for which con
centrated load was a factor. 

The rms error for the modulus of elasticity for the 
deflectometer was 3.3 percent and 5.5 percent for 
the wire-resistance gages. The error due to the 
apparatus in the determination of strength was 3.5 
percent. 
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6.4. Results and Discussion 

Table 6 gives the differences between moduli of 
elasticity of specimens of four cermets determined 
with three different lateral spans on the deflectom
eter. The calculated values, [38, eq. (8)] of anticlastic 
curvature were larger than the observed. The dis
agreement indicated that the anticlastic curvature 
at the end of the span was less than would be ex
pected. This stiffening by the enlarged ends and 
loader reaction was also indicated by wire-resistance 
strain gages placed laterally at the middle and at 
the ends of the axial span. Anticlastic curvature 
agreed with the calculated values only at the middle 
of the A2 and A3 forms as indicated by values of 
Poisson's ratio, reported subsequently. 

Typical stress-strain curves for one specimen of 
each of the five brands of cermets are shown 111 

figure 14. 
The moduli of elasticity of the cermet specimens 

from both the wire-resistance strain gages and the 
deflectometer are presented in table 7. The differ-

TABLE 6. Differen ces in modulus of elasticity resulting from 
anticlastic curvature and different lateral spans of the defl ecto
meter for specimens having fo rm C1 

DifIerences 

Small span M edium span Large span 

Cermet· 
Increase Increase from sm all span Increase from small span 

from zero 
span , cal-
culated b Cal- Observed Cal- Observed 

culated b culated b 

% % % % % 1. _________ 1.1 6.2 5. 0 14.4 10.3 
II. . _______ 1.1 6. 2 3. 9 14.4 12. 7 IIL _____ __ 1.1 6.2 3.9 14.4 10. 9 IV ________ 1.0 5. 7 3.3 13. 1 12. 5 

• R esul ts are averages fo r t wo form C l specimens of each cermet . 
b T hese values were calculated according to [381. 
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FIGU RE 14. Typical stress-strain curves for one specimen 
having form A1 of each of fi ve cermets. 

ences between the moduli of elasticity determined 
by the deflectometer and surface-strain methods 
were usually insignificant. The coefficients of varia
tion for the moduli of elasticitv obtained from 
surface-strain and deflection me"asurements were 
practically the same for all lots of specimens. 

An analysis of the surface-strain data indicated 
that 48 percent of all specimens had a higher strain 
on the tensile side of the specimen, 48 percent had a 
higher strain on the compressive side, and 4 percent 
had the same strain on both sides. The differences 
were generally within the error of the gages. The 
equality of tensile and compressive moduli of elas
ticity, for transverse specimens in tests where axial 
restraint of the knife edges was canceled, has been 
discussed by Duckworth [3]. The strains on the 
tensile and compressive sides frequently diverged 
after the elastic limit was exceeded. 

Average moduli of rupture for the SL,{ forms of the 
cermets are given in table 8. The value of this 
tensile stress of the outer fibres , which grades to zero 
at the neutral axis, was less by 4 to 22 percent when 
calculated by the method of N adai for cermets II, 

T A BLE 7. A verage moduli of elasticity from transverse tests f or fi ve cermets calcu lated from surface-strain and deflection 
measurements 

Cermet I ' Cermet II • Cermet III ' 

Specimen 
form Surface strain Surface strain Snrface st rain 

D eflec- Defl ec-
tion c t ion c 

T d C, Td C, Td C ' 
---- - -- ------- ---------------- ----

10' psi 10' psi 10' psi 10' psi 10' psi 10' psi 10' psi 10' psi A1. _______ 92. 3 91.1 95.9 79. 9 77. 9 83.4 52. 1 52.5 
f (0. 7) (1. 6) (3. 9) (1. 9) (1. 5) (1. 7) (1. 6) (2.6) A2 ________ 93. 1 93.5 91. 2 83. 3 83.0 81. 0 55.8 55.8 
(0. 8) (1. 0) (0. 9) (0.8) (1. 0) (0. 9) (0.8) (1.1) 

A3 ________ 91.1 91.1 91. 2 81. 6 81.1 80. 0 55.6 55. 0 
(0. 5) (1. 2) (1. 2) (1. 7) (1. 9) (1. 1) (1. 5) (1. 8) B1. ______ _ 94.1 93.7 94. 7 81. 7 81. 6 82. 1 55.7 55.2 
(0. R) (0.6) (1. 4) (0. 4) (0.4) (1. 1) (2. 1) (1. 8) C1. _______ 92.2 92. 7 94. 4 80.7 80.4 81.1 53. 7 53.8 
(1. 4) (1.4) (2.3) (0.4) (0.4) (2. 2) (1. 4) (1. 5) D ___ ____ __ 90. 1 ---- --- 90.3 78.8 ------- 79. 5 55.0 --- ----
(0.9) (0.9) (1. 0) (0. 8) (0.6) 

• Excep t where noted fi ve specimens were tested . 
b A verage for t hree speci mens except for form A3 and Cl w hich were not fnrnished. 
, Calculated from deflection measuremcn ts (38). 
d Calculated from st rain measurements on t he tensile side of t he specimen (38) . 
• Calculated from st raiu measurcmen ts on t he compressive side of the specimen [38J. 
f N umbers in paren t beses are coeffi cien ts of variat ion in percent. 
&: A verage for two specimens. 
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D eflec-
tion Q 

---
10' psi 
51. 6 

(2.9) 
54. 4 

(0. 6) 
54. 4 

(1. 4) 
55.4 

(3.3) 
53.9 

(3. 6) 
54. 9 

(1. 0) 

Cermet IV ' Cermet V b 

Snrface strain Surface strain 
Dellec- D efl ec-
tion c tion 0 

T d C ' T d C, 

------ ------------- ---------
lO'psi 10' psi 10' psi 10' psi 10' psi 10' psi 

34. 1 34.8 37. 1 60.4 60. 4 64.6 
(19. 6) (20.7) (17. 2) (2.4) (2.8) (3.7) 

<42.8 <42.2 43.6 63.2 63.2 64. 1 
(3. 1) (1. 6) (2.8) (0. 7) 

41. 0 40.7 41. 6 ~------ ------- -- -----
(11. 4) (12. 4) (12. 7) 

42.0 42. 6 42.7 51. 8 52.6 53.7 
(lO.9) (9.5) (1 2.3) (6.1) (5.4) (6.8) 

42. 1 42.3 44. 4 --- - --- ------- -- - ----
(1. 0) (1. 2) (2. 9) 

41. 7 -------- 41. 5 49. 3 ------- 50.8 
(3.5) (3.3) (5.3) (2.6) 



TABLE 8. Average moduli of rupture for five cermets 

Cermet I ' Cermet II · Cermet III . Cermet IV ' Cermet Vb 

Specimen form B ' 
A - B ~ A - Br 

A ' A ' B d A A ' B d A A ' A A ' 
T ensile Compres· 

sion 

psi 1)S; psi % psi psi % psi psi psi % psi 
A1. ..... .. . . . . . ••. 198, 000 304,000 293, 000 3. 8 162.000 154,000 5. 1 32, 500 26, 100 32, 200 20. 5 27,800 

0(11. 3) (8. 9) ( . 4) (12. 3) (12. 3) (12. 6) (24.5) (17. 7) (7. 6) 

A2 .............. . . 208, 000 282, 000 271, 000 4. 1 131, 000 122, 000 4. 8 h 43.100 h 35, 900 h 46, 100 h 16. 4 31, SOD 
(9. 0) (6.5) (6.6) (36. 0) (33.1) (11. 3) 

A3 ......... ....... 183, 000 286,000 275, 000 3.8 179, 000 171,000 4.5 39, 700 38, 100 40,500 8. 1 --------
(11.5) (4.6) (4. 3) (3. 9) (5. 1) (11. 8) (11. 0) (10. 1) 

BL ..... .......•.. 208, 000 226,000 217, 000 3. 9 156,000 149, 000 4. 7 32,300 30, 000 33, 100 7. 8 24, 900 
(5. 5) (6.2) (6. 5) (12. 7) (13. 3) (5. 3) (17. 0) (2. 7) (12. 9) 

C1. • . ....... .... . . 183, 000 230,000 218, 000 5. 0 145,000 137,000 5. 2 35, 600 27, 200 37, 300 22. 3 --------
(10. 5) (10.8) (l0. 0) (11. 8) (12. 0) (11. 0) (10. 3) (22. 0) 

D . . . . ...•...... .•. i 223,000 i 318, 000 j 297, 000 6. 5 i 173, 000 j 162, 000 6. 5 i 40, 800 j 39, 100 -------- 4.2 i 32, 500 
(5. 9) (3.5) (2. 7) (5. 3) (7. 4) (12. 0) (11. S) (5.5) 

a Except wbere 11oted, five specimens wore tested. 
b Average for three specimens except for form s A3 and C1 wbich were not furnished . 
e Calcu lated b y the elementary beam theory l38]. 
d Ca lculated by the method of N adai for specimens bavi.ng equal tensile and compressive stra i.o s [13, p . 164] . 
• Ca lculated b y the m ethod o[ Nadai for specimens b avi.ng unequal tensile and compressive s trains [13, p . 164]. 
r Based on the t en sile valne. 
o N umbers in pa rentheses a re eoemeien ts of variation i.n pCl·cent. 
h Average (01' two specimens. 
i Calculat ed by the method of Seewald for conce n trated loads [16, p. 99]. 
j Calculated using the m ethod of Seewald and tbe m ethod o[ Nadai based on s tra i.os [or tensile surface only. 

III, and IV which had p la tic flow. This correction 
was not required for cermets I and V which had lIttle 
plastic flow, as shown by figure 14. 

The correction for concentrated loads was ap
proximately 1.0 percent for tbe form-D specimens. 
Although this correction is small, it may be con
siderable for other specimen designs [38 , p. 301]. 
The enlarged-end specimens were deSIgned to 
eliminate this correcti.on. 

The deviations from a suggested curve [22] repre
senting the dependence of strength on the size of 
specimen were quite large. Significant differences of 
the average values of different forms due to differ
ences in size were found for cermets II and IV only. 
The smallest specimens of each cermet, however, had 
a higher strength than that of the largest specimens. 
The rate of change of strength with size is presumed 
diiferent for different materials [22], and may not be 
evident unless there is a many fold change in size. 

The coefficients of variation for modulus of rup
ture were quite variable with values comparable to 
those obtained in the three preceding tests. The 
coefficients for strength were considerably larger 
than for modulus of elasticity and had no correlation 
with specimen size [22]. 

The specimens broke with irregular fractures, sim
ilar to those for the tensile specimens, in the tensile 
half. For cermets IV and V, this fracture con
tinued at right angles to the span direction in the 
compressive half, but for cermets I , II, and III the 
fractured surface curved in the compressive half to 
an angle of about 45° to the span direcLion at the 
compressive surface. Single fractures were common 
for specimens of cermets IV and V and for all form-D 
specimens. l\i[ul tiple breaks, as many as five, were 
prevalent for enlarged-end specimens of cermets I, 
II, and III. The phenomena of multiple breaks has 
been studied by Miklowitz [4, b]. 

The average calculated and measured extensibili
ties of the cermets are given in table 9. The exten
sibilities paralleled strength in that they were char
acteristic to each cermet, had similar coefficients of 
v:ariation, and had a similar dependence on specimen 
Slze. 

6 .5. Evaluation of the Transverse Test 

The essential requirements for a satisfactory 
transverse test for cermets are (1 ) accurately shaped 
specimens having large length-to-depth and length
to-width ratios, (2) measurement of strains by deflec
tion or preferably by surface-strain gages, (3) the 
relief of axial stresses due to change in span length 
during loading by means of roller knife-edges, (4) the 
correction of strength for effects of plasticity and 
concentrated loads when required, (5) the restriction 
of the test to small deflections where the mathemati
cal assumptions are not exceeded. 

The transverse test gives satisfactory values of 
modulus of elasticity and estimates of Poisson's 
ratio for cermets. Tensile strength and extensibility 
may be obtained provided creep is small and neces
sary corrections for the effects of plasticity and con
centrated loads are made. Special shapes of speci
mens are not appreciably superior to the simple 
prismatic specimen having sufficient size to accom
modate strain gages, 

7 . Impact Test 

7.1. Specimens 

The specimens were made in accordance with 
ASTM Designation (E23-47T) [23]. They were 
rectangular parallelepipeds 10 mm square by 55 mm 
long. Five notched and five unnotched specimens 
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TABLE 9. Comparison of the average calculated and measured extensibilities from transverse tests on five cermets 

Cermet I' Cermet II ' Cermet III ' Cermet IV ' Cermet V b 

Specimen form 
Calcu· Meas· Differ· Calcu· M eas· Differ· Oalcu· Meas· Differ· Calcu· M eas· Differ· Calcu· M eas· Differ· 
lated' ured d ence la ted ' ured d ence lated' ured d ence lated ' ured d ence lated ' ured d ence 

--------- - - -- - -----' - --- --------- -
Percent Percer,t Percent P erce"t Percent Percent Percent Percent P ercent Percent Percent P ercent Percent P ercent Percent 

AL _________ _ 0.217 0. 218 0.5 0.386 0.424 8.9 0.310 0. 353 12. 2 0.095 0.136 30.1 0.046 0. 047 2 1 
' (9.6) (10. 5) (12.4) (27. 9) (5. 6) 

A2 ___________ 0.223 0.227 1.8 0.339 0.377 10.1 0.235 0. 303 22.4 0.102 r O. 121 15. 7 0.051 0.053 3.8 
(10.0) (7.1) (33. 6) (4.0) A3 __________ _ 

0.201 0. 228 11.8 0.351 0.388 9. 5 0.324 0.388 16. 5 0.095 0.115 17.4 ... _- - - ---- -- ----
(9.4) (6.2) (3.7) (16.8) BL __________ 0.221 0. 226 2.2 0. 277 0. 305 9.2 0.282 0.327 13. 7 0.077 0.087 11. 5 0.048 0.048 0.0 
(5. 2) (6.7) (20.4) (18. 5) (12.2) 

CL __________ 0.194 0. 202 4.0 0.286 0.310 7. 7 0.270 0.310 12.9 0.085 0.104 18.3 - - - - - --- --- ----
(11.2) (11. 9) (11. 9) (24. 1) 

D ____________ 0. 248 0.260 4.6 0.404 0.481 16.0 0.315 0.390 19.2 0. 098 0.109 10. 1 0.065 0.068 4.4 
(6. 1) (4.5) (6. 1) (32.5) (28.9) 

• E xcept where noted, five specimen s were tested. 
b Average for three specimeus except for A3 and C1 forms which were not furnisbed. 
, Extensibility~ 100atE in percent, where a is the average modulus of rupture by the elem entary beam formula and E is the ayerage modulus of elasticity from 

surface stra in . 
d From stress·strain curves similar to t hose shown on figure 14. 
e N umbers iu parentheses are coefficients of variations in percent. 
r Average for two specimens. 

were obtained for each cermet. The notch had a 
depth of 2 mm, an angle of 45°, and a fillet radius of 
0.25 mm. 

7.2 . Apparatus and Procedure 

A Baldwin-Bell Telephone Laboratory pendulum 
impact machine was used. It was fitted for Charpy 
tests a.nd had a capacity of 0 to 2 ft-lb , extended to 16 
ft-lb by using heavier hammers . The velocity at 
impact was 11 fps . The impact tester was designed 
according to specifications outlined in ASTM 
Method D256-47T (for pla.stic materials) [24]. The 
anvils and striking edge were modified to fit the 
smaller specimens tested in this work, and these 
modifications met the conditions set forth in ASTM 
E23-47T (for metallic materials) [23]. The ap
paratus was mounted on a firm base. 

The standard procedure recommended by ASTM 
(E23-47T) [23] was used. The friction and windage 
correction was determined and applied . 

By reading the scale to the nearest half division 
(0.005 ft-lb) a maximum error of 4.2 percent occurred 
for the notched specimens made from cermet V. 
Specimen dimensions were within the prescribed 
tolerances, and errors due to difference in size were 
considered to be negligible. 

7.3. Results and Discussion 

The impact values are given in table 10. The 
results of tests on the unnotched specimens indicated 
a wide range of impact values for the five cermets. 

The notched specimens ranked the Cel'mets in the 
same order as the unnotched specimens, but the 
values obtained were much lower. The impact 
values of the cermets I , II, and III were reduced 
about 90 percent while the impact values of cermet 
IV and cermet V were reduced about 72 percent. 
These results point out the notch sensitivity of cer
mets. Quackenbos [29] noted a similar reduction 
of the impact values of some organic plastics. 

The coefficient of variation for impact value of 
the unnotched sp ecimens of each of the Cel'IDets was 
over 10 percent, and was generally larger than that 
for strength from the tensile, compressive, torsional, 
and transverse tests. 

TABLE 10. I mpact values f or cermet specimens 

Unnotchcd • Notched b 

Cermet 
Hammer Impact Hammer Impact 
weight' valne weight' value 

- - -
Ib jt·lb lb jt·lb L __________ 8 6.30 2 0. 59 

d (13. 9) (25. 4) 
IL ________ 16 9.23 2 0.95 

(20. 34) (9.5) 

IIL ____ ___ 8 4.33 1 0.48 
(10. 16) (2.1) 

I V __ ___ ____ 2 0.57 1 0. 16 
(14. 0) (nil) 

V ________ __ 1 0.44 1 0. 12 
(11. 4) (nil) 

• Five specimens 10mmXI0mmX 55mm (ASTM E23-47T) standard Charpy 
specimen, except nnnotched . 

b Five standard Charpy specimens (ASTM E23-47T). 
'The linear velocity of the h ammer was 11 fps. 
d Numbers In parentheses a re coefficients of variation in percent. 

With the exception of cermet I, all notched speci
mens had lower coefficients of variation than the 
unnotched specimens. It should be noted that the 
limited sensitivity of the impact t ester masked the 
variation in Cel'mets IV and V. 

It is well known that the impact value is much less 
than the stored energy in an identical static simple 
beam just before fracture. It is also recognized that 
stress concentrations in the impact specimens are 
very large, and consequently only a small portion of 
the specimen has stresses approaching failure. The 
large coefficients of variation would be expected 
because, according to the flaw theory, the variability 
increases as the size decreases [22]. 

In any impact test, there are many variables, of 
which some are maintained constant. The various 
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t ests are classified by Sayre and WeITing as (1) 
proof t ests, (2) increment drop tests, (3) single blow 
tests, and (4) pendulum tests. The methods of t est 
have been discussed [2 5, 26 , 29] , and there is con
siderable disagreement as t o the measurement and 
significance of the impact resistance of a material. 

The Oharpy t est was selected for t his investigation 
because (1) it is a standard ASTM test for metallic 
materials [23], (2) the specimen is broken in a single 
blow without introducing plasticity, creep, and 
fatigue as factors, (3) t he impact hammer strikes 
accurately at the desired location, (4) the test is 
made simply and quickly , (5) when properly made, 
test results are reproducible [28], (6) the specimen is 
t ested as a simple beam and the error due to gripping 
is eliminated, and (7) both unnotched and notched 
specimens can be tested satisfactorily. 

7.4. Evaluation of the Impact Test 

The requirements of a satisfactory impact test are 
(1) accurately shaped specimens with a suitable 
finish , either notched or unnotched, (2) a well con
structed Oharpy tester , and (3) an adequa te number 
of specimens to give the desired confidence limit . 

Oermets are satisfactorily classified by the Oharpy 
impact test according t o impact resistance and notch 
sensitivity. Impact values are not satisfactorily 
correlated with other properties of the material, and 
the values for other sizes of specimens cannot be 
predict ed. 

8 . Correlation of Mechanical Properties 

8 .1. Elastic Properties 

Table 11 gives the average elastic proper ties for 
the tests listed . 

The average moduli of elas ticity of cermets I , 

II, and III agreed within approximately 10 percen 
r egardless of the method of test. As previously 
shown,. the tensile and compressive moduli for a 
single cermet were equal within experimental error, 
and the modulus did not depend on specimen size 
for th series of transverse specimens. The average 
moduli of elasticity determined by the differ ent 
t es ts varied as much as 17 percent for cermet IV 
which had the largest coefficients of variation. 
The variation of the average moduli determined by 
the differ ent tests for cermet V was even larger, 
being 37 percent. 

The compressive moduli of specimens cut from 
form B 1 transverse specimens were lower than the 
transverse moduli for this form . These consistently 
lower values indicated that the material in the ends 
of the B1 specimens may have been different from 
that in the thinner midpor tion, or there may have 
been systematic en'ors in the t est methods. The 
differences were within the experimen tal error except 
for cermet V. 

The correlation of the elastic proper ties obtained 
in tension and also in shear , expressed by the eq 
[15, p . 57], 

E= 2G(1+ J1, ) (6) 

is illustra ted by the agreement of the modulus of 
rigidity calculated from the tensile data and that 
ob tained from the torsion test, table 11. This agree
ment and similarity of the transverse and compressive 
moduli of elasticity, for specimens having axes at 
90°, indicate tha t these materials, with the possible 
exception of cermet V, ar e isotropic. 

8.2. Evaluation of the Stresses and Strains in the 
Cermet Specimen a t Fra cture 

a . Stress and Strain Analyses 

(1) Tensile Specimens. In the tensile tes t, the 
axial strain, t , and la teral strain, t l were measured 

T ABLE 11. Average values of elastic properties of cermets obtained from tensile, compressive, transverse, and torsional tests 

Modulus of elasticity 

Cermet 
Tensile Compres· 

test sive test 
Form TI l 

---
10' psi 10 'psi 10' psi 

L ..... 89.9 91.3 94.7 
d(0.9) (3. 4) (1.4) 

1L ... 78.6 78.8 82. 1 
(0.4) (0.9) (1.1) 

IlL .. 55.1 50.9 554 
(1. 1) (1.4) (3.0) 

IV .... 43.1 41. 4 42. 7 
(4.4) (6.5) (12.3) 

V ••• .• (e) 44.5 53.7 
(11.9) (6.8) 

• For six forms of transverse speCimens. 
b For five forms of transverse specimens. 

'l'ransverse test 

Mins Avg. 

10' psi 10'psi 
90.3 93.0 

(0.9) (1. 7) 

79.5 81. 2 
(0.8) (1. 3) 

53.9 54.1 
(3.6) (2.0) 

37.1 41. 8 
(17.2) (8.4) 

1 50.8 f 58. 0 
(2.6) (3.7) 

e Calculated from E/2G=1+!, nsing data from the tensile test. 
d Figures in parentheses are coefficients of variation in percent . 
• Specimens were not furnished for this material. 
f For four forms of transverse specimens. 
g For three forms of transverse specimens. 

Poisson's ratio 

Transverse test b 
'rensile Oompres· 

test sive test 
Max a. Min Max 

10 ' psi 
95.9 0.21 0.22 0.14 0.23 

(3.9) (2.3) (Nil) (14.5) (1. 3) 

83.4 0.23 0.23 0. 16 0.24 
(1. 7) (Nil) (4.4) (1. 3) (2.5) 

55.4 0.22 0.24 0.15 0.23 
(3.3) (Nil) (2.0) (1. 9) (2.6) 

44.4 0.22 0.23 0. 14 0.22 
(2.9) (Nil) (5. 2) (2. 1) 

f 64. 6 0.17 g 0.11 g O.14 
(3.7) (e) (3.5) (5.7) (2.8) 

r 

h Data from average of transverse specimens were used because tensile specimens were not furnished. 
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Modulus of rigidity 

Torsion Caleu· 
test lated 0 

10' psi 10' psi 
36.0 37.1 

(2.9) 

33.0 32.0 
(7. 4) 

22.8 22.6 
(8.6) 

18.5 17. 7 
(7.2) 

25.4 h25. 
(11. 0) 



and the relation expressed as 

-El= fJ-E, 

where fJ-=Poisson's ratio. 
The axial stress corresponding to E is 

where 
E = Young's modulus of elasticity, 
P = totalload, 
A = area of cross section of specimen, 

e= extensibility when O"= strength. 

(7) 

(8) 

The maximum shear stress is for uniaxial loading 
[39 , p. 15], 

(9) 

and the maximum shear strain 

(10) 

(2) Compressive Specimens. In the compressive 
tests, the applied load was axial, and the axial strains, 
e, and lateral strains, Ell were measured. Equations 
(7) , (8), (9), and (10), modified for stress direction, 
apply. In accordance with Nadai [11, p. 208] 

"equivalent stress" = E el = - fJ-Ee= -fJ-O", (11 ) 

where "equivalent stress", in the sense of the maxi
mum strain hypothesis of failure, is the value of 0" 

when E1 is substituted for E in eq (8) and E and 0" are 
the values at fracture in the compressive tests, and 
are, of COUTse, negative. 

(3) Torsion Specimens. In the torsional test, 
compressive and tensile principal strains were re 
corded to failure in addition to shear strains within 
the elastic limit. The maximum shear stress was 
obtained from the applied torque. The maximum 
induced tensile and compressive strains were equal; 
therefore, eq (2) and (3) apply. 

Also, [39, p. 15]: 

(12) 

Since, for the tensile test, the maximum tensile strain 
from eq (8) is: 

and for the torsional test, the corresponding 
maximum tensile strain [11 , p. 208] or [39, p. 15], is: 

0"45-f.L0"135 0"45(1+ f.L) 
E E 

Then from [11 , p . 208] 

"equivalent stress" = 0"45(1 + f.L). (13 ) 

(4) Transverse Specimens. The stress analysis of 
the tensile half of the transverse specimen resembles 
the analysis for the tensile specimen, except that the 
stress grades from zero at the neutral axis to a 
maximum. at the outer tensile fibres. Similar also to 
the tensile specimen, the lateral and shear stresses 
are of minor significance. The compressive half 
of the transverse specimens resembles the compres
sive specimen except that the maximum stress can 
exceed the tensile stress on the tensile side by only 
small amounts which are due to plasticity and con
centrated loads, and the induced lateral tensile 
strain and shear stress are also limited. The maxi
mum shear due to loads and reactions on transverse 
specimens is too small, even for spans of ~{6 in., used 
in some tests, where this stress is approximately 13 
percent of the tensile, to be a source of failure. 

b. Stress-Strain Relation and Fracture of Cermets 

The stress-strain curves to rupture previously re
ported indicated that the stress-strain relation was 
linear for specimens of cermets I and V in all tests 
except for cermet I in compression. The relation 
for cermet IV also was linear in the torsional and 
compressive tests. In the remaining tests, curvature 
of the stress-strain lines was apparent. Porous ma
terials or those with inclusions of a relatively soft or 
weak substance having stress-strain curves of a sim
ilar shape were discussed by N adai [11, p. 26] under 
the heading of hysteresis and after effects. Such 
materials fractured at strains low in comparison to 
those attained by ductile materials [11, p. 3] and , in 
these respects, resembled the cermets. 

The calculation by eq (1) to (13) of stresses and 
strains present in specimens as the strength is ap
proached depends on the assumption that the mate
rial remains elastic until failure. 

The fracture surfaces of the tensile, transverse, and 
torsional specimens indicated that failure of the spec
imens as a whole occurred in tensile fracture. The 
compressive specimens broke into fragments from 
which the mode of failure could not be determined. 
According to N adai [11, p. 182] the actual mechanism 
of failure, however, may be quite different from that 
apparent from the fracture surface of the specimen. 

Several criteria for failure have been proposed, 
such as a limiting maximum principal stress, a limit
ing maximum strain, various energy considerations, 
etc. [11, p. 175]. The criteria for failure given in 
most theories have been advanced to explain the 
performance of ductile materials as well as of brittle 
materials having bi- or triaxial loading. For the 
cermets reported here, and also for many brittle 
materials, the criteria usually considered are a lim
iting tensile stress, a limiting maximum shear stress, 
and a limiting maximum elastic tensile strain (theory 
of the so-called equivalent stress, St. Venant) [11, p. 
208] . The last criterion would not be expected to 
apply, however, to these same materials at elevated 
temperatures for reasons discussed by Nadai [11 , p. 
175 , 208]. 

Table 12 lists, in a given column, the critical 
quantities of stress or strain that are equal in the 
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TARLE 12. Equal values of maximum stress or maximum 
strain [01' different criteria of fracture in the tensile, trans
verse, compressive, and torsional tests 

Criterion of fracture 

Max tensile stress Max tensile strain Max shear stress or 
Test or equivalent stress max shear strain 

Equal Equal Equal Equal Equal Equal 
stress strain stress strain stress strain 

------

Tensile ...•• _. ,,,- l, cr, 
cr, 

,, (1+1') " 2 

rfransv erse __ cr" . ,,(1+1') cr" ", cr" ." 2 

Compressive. 
-cr, 

-.,(1+1') _ .. - IJE c -I"', - p.E c - 2-

TorsionaL •. UtS, <46(1+1'), cr,,(I + I') , E41i, 0"45, 2E4t:, 

'Ymax(I + I') 
Tm ox (1 + 1') 

"Ymax 
'Tmax --2- - 2- 'TmAX 'Ymu 

• Symbols defined in eq (1) to (13), subscripts t, tT, and c refer to teusile, trans· 
verse and compressive tests respectivel y. For a particular criterion, the values 
of all of tho q uantities in a given column should be equal. 

foUT tests when a particular criterion of fractUTe 
prevail. An interpretation of the significance of 
a strength from a given test requires some knowledge 
of the criterion of fractUTe. In the torsional test, 
for example, it might be expected that the shear 
strength would b e obtained, but the torsional 
strength may be simply the shear stress at fractUTe as 
limited by the attainment of a maximum value 
according to one of the other criteria of fractUTe 
given in table 12. If the criteria of fractUTe can be 
determined, then the strength from the torsional test 
can be correla ted with thc corresponding shear 
strength, t ensile strength , or "equivalent" strength . 
In a similar manner, the compressive stress present 
in the compressive test at fractUTe may be a function 
of either the shear strength or tensile strength. 

Considering the maximum tensile stress and the 
maximum tensile strain criteria, the prevailing 
criterion is not evident from the values from the 
tensile, compressive, and transverse tests because the 
principal stress relations are similar. These rela
tions are different, however, in the torsional test. A 
comparison of the experimental values of stress and 
strain from the torsional test to those from the other 
tests make possible a distinction between these two 
criteria of fracture. For example, the tensile 
strength, from the tensile test, is equal to (]'4S if the 
maximum tensile stress is the criterion, but is equal 
to (]'4s( 1+ ,u) if the maximum tensile strain criterion is 
effective. If the maximum shear criteria are appli
cable, then the strength from the tensile test is equal 
to 2 (]'45 from the torsional test. 

The brittle materials have shear strengths that 
arc larger than their tensile s trengths, as suggested 
by Pre ton [41] . The shear stress in the tensile 
specimen, although less than (]' , is appreciable and 
may be the SOUTce of failUTe as it is for some ductile 
materials, but tensile fractUTe would be expected for 
COl'mets. 

In the compressive test, the compressive stress, (]', 
is comparatively large, and exceeding either the in-

duced lateral strain [11 , p. 208] or th e shear strength 
[42] may be the cause of failure. This analysis 
assumes uniform stressing in the specimen. Even 
when bending is absent, the friction at the ends of 
the specimen r estrains the lateral strain [8] . Thus 
the stress distribution at the ends is not simple and 
can be a determining factor in the compressive test. 

The maximum shear stress r ecorded as the tor
sional strength should indicate a tensile strength for 
brittle materials according to Pres ton [41]. This 
explanation is also mentioned by Kingery [42], who 
reported that the tensile strength is obtained from 
the torsional test on brittle materials. 

8.3. Comparison of Data for Cermets 

a. Data from Tesls 

Table 13 gives average values of the measured 
stresses and strains present in pecim.ens at the 
moment of failure, and also those calculated by 
formulas (1) to (13). Table 14 lists the percentage 
differences between values of pairs of stresses or 
strains, that are significant in the behavior of the 
COl'mets and in the evaluation of the tests. 

The manufacturer of cermet IV reported improve
ments in the product dUTing the time interval that 
specimens were procured in the order transverse
tensile-torsional. The str engths given in table 13 
indicate the improvement, but no correlations of 
results from these three lots of specimens were made 
because the materials were admittedly different. 

b. Comparison of Measured and Calculated Extensibilities 

The differences, in percenl;, of the average measured 
extensibilities for the tensile, transverse, and tor
sional tests from the calculated values, assuming 
elastic behavior, are given in table 14, line A. The 
differences indicated that the tre s-strain lines were 
linear for cermets I and V, but the measured extensi
bilitie were appreciably larger for cermets II, III, 
and IV. 

c. Dependence of Strength on the Size of the Specimen 

The form-D transverse specimens had only about 
six percent of the volume of the form-C1 specimens, 
and the smaller specimen were stronger by from 
18.2 to 43 .7 percent, as given in line B , table 14. 
The results indicated t hat the rate of change in 
str ength with the change in size was different for 
the five cermets, and that their "material constants" 
[22], that govern the variation of str ength with size, 
were probably differenl;. 

Because the strengths of tensile, compressive, 
torsional, and transverse specimens may decrease 
as the size of the specimen is increased [22], the 
comparison of strengths would preferably be made 
on specimens having the same, or nearly the same, 
size. As indicated for transverse specimens, the 
dependence is approximate only, and a many-fold 
change in size may be required to produce a signifi
cant change in strength. The strengths for cermets 
I and III, from table 13, are higher than those given 
by Johnson [43], who used considerably larger 
specimens. For the tensile and compressive tests, 
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T A B LE 14. Differences f or pairs of properties of cermets 

DiJIerences • 

Line Cermet 
Comparison b 

II III IV V 
---1.-------.1-------------

A ....• • Avg measured from 
calculated. 

B ..... (f,,, Form D from CL . 
e. ____ Elr from EI , measured._ 
D _ _ __ Elr from El, calculated __ 
E._ ___ Eto from Et, measured __ 

F. ___ _ 
G ••.•. 
II .. . . 
L ... . 
J. ... . 

Eto from EI, calculated __ 
Ed from Elr, calculated. 
(ltr from CT' ____________ _ 
O" t o from qt __ ________ _ _ 

(f" Cequi) from (f, .. _ ... 

% 
2. 0 

21. 8 
0.5 

- 1. 0 
7.9 

11.2 
-35. 7 

4.0 
- 10.9 

7.4 

K .. .. (f, Cequi) from (f', ...... -38.0 
L _____ TIT fro m Te____ ____ __ ___ -64. 6 
lvL ___ 'TIo from Tc ____________ -46.7 

% 
17.8 

36.2 
6.2 

10.4 
23.4 

5.4 
-4 1. 5 

6.9 
-1 1. 7 

8.3 

-41.0 
-61. 1 
-35. 1 

% 
22.2 

18.2 
2. 0 
5.5 
9.9 

-2.3 
-37.6 
-3. 0 

-22.5 
-5.8 

-39.7 
-60.4 
-41. 5 

% % 
10.9 0 

43. 7 '30.5 
Cd) C·) 
Cd) C·) 
Cd) '-4.3 

Cd) 
-15.6 

(d) 
Cd) 
Cd) 

0-2.0 
43. 7 
C·) 

0-4.8 
'8. 4 

-9.3 23.7 
-71.3 -86.3 
-26.5 -73.8 

• Calculated from values given in table 13. Excess of first over second quantity. 
b Symbols used are: .=average extensibility for t ensile, torsional, and trans

verse tests; EI, E/r, Eto=exten sibilities from tensile, transverse, and torsional tests, 
respectively; EcI= lateral strain from compressive test; (Tl , en,., and Uto=tensile 
stresses in tensile, transverse, and torsional tests, respectively; (f" Cequl) and 
(f, Cequl)="equivalent" stresses from torsional and compressive tests, respec
tively; Tlr. T,o, and Tc=shear stresses in tension, torsional, and compressive tests, 
respectively. 

o Tensile properties of B1 transverse specimens were used because no tensile 
or 01 specimens were furnished. 

d Comparison not made because of changes in material. 
• Tensile specimens not furnished. 

the size comparison is easily made on the basis of the 
volume within the gage portion of the specimen. The 
torsional and transverse specimens, however, have 
only a surface at maA'i.mum stress, and, on the basis 
of volume, an infinitely large specimen would be 
required to equal a small t ensile specimen. Failure 
may be initiated, however , at stress concentration 
points below the surface where the calcuJated average 
stress is less than at the surface, and, solely for size 
comparison, it was assumed that the volume having 
str esses I"l1nging from 90 to 100 percent of the outer 
fibre stress might contain stress raisers causing 
fracture. The volumes of specimens used in this 
investigation for t he various t ests are given in 
table 15, and, excepting the volume for form D , were 
considered sufficiently alike to permit comparisons 
of strengths. 

T ABLE 15. Gage sections of cermet specimens and volumes 
subjected to test stresses 

Test 

Tensile ......... .... . 
Compressive .•..... . 
rrorsional __ . ____ ____ _ 
'r'ransverse _________ _ 

Do ............... . 
Do ............... . 

Section 

in. 
0.250 diameterX1.25 . ..... __ .. .... ... . . 
.424X0.424 X 1.27_ ..... _ . . __ .......... . 
.500 diameterX2.25 ...... __ .. .. . ..... . 

Form D, third poinL . ... __ ......... . . 
Form Bl, constant moment _________ _ _ 
Form C1, constant moment. ....... .. . 

Volume a 

in.3 
0. 061 
.228 
.084 
.0017 
.0148 
.0296 

a Transverse and torsional specimens bad surfaces only, i. e., zero volume, 
at maximum stress. For comparison of specimen si~es onJy, the volume of tbat 
portion stressed from 90 to 100% of the maximum stress was considered the volume 
of these specimens. 

d. Criteria of Fracture 

The differences of stresses or strains of pairs 
assumed equal according to th e maximum tensile 
strain criterion [11 , p. 208], t able 12, are given in 
table 14, lines E , F , G, J , and K. The comparisons 

166 



in lines E, F, and J refer to specimens that had 
tensile fractures and to the torsional and tensile tests 
with their distinct principal stres patterns. These 
comparisons, with the exception of the value for 
cermet II, line E , indicated that the application of 
the maximum elastic tensile strain criterion gave 
values that agreed within 11 .2 percent. The lateral 
strains and "equivalent" stresses calculated from the 
data from the compressive test according to the 
maximum tensile strain criterion, lines G, and K , 
however, were much less than the corresponding 
extensibilities and transverse strengths for cermets 
I II III, and IV. These differences suggested that 
sbm~ other criterion of fracture, such as a limiting 
maximum shear stress, was effective in the com
pressive test before th e lateral strain exceeded the 
extensibility. On th e other hand, cermet V was 
exceptional in that it probably fractured according 
to the maximum strain criterion in the compressive 
test, but the lateral strain and "equivalent" stress 
were higher than expected. 

The particularly close agreement of transverse 
and tensile resul ts , for specimens of comparable size, 
lines 0, D , and I-I , was expected because the stress 
patterns were similar. This agreement confirmed, 
but did not prove, the applicability of either the 
maximum t en ile strain or the maximum tensile 
stress criteria. The latter criterion seemed less 
applicable in the comparison of the torsional t<? the 
t ensile test in which the stress patterns were dIffer
ent becau~e the tensile stre s in the torsional t est 
wa~ definitely less than in the tensile test, line I. 
Although the maximum tensile strain criterion over
compensated these tress differences, line J, this 
criterion gave the better agreement. 

The widely different values of shear stress at 
fracture in the various tests, table 13 and table 14, 
lines Land M , led to the conclusion that a common 
maximum shear stress was not a criterion for cor
relating strength in the four. tests. The largest 
values of shear stress wer e obtallled, for each of the 
five cermets, in the compressive t est . The maxi
mum shear strains were also largest in the compres
sive t est , and ranged from 3.03 to 9.9 times the 
extensibilities from the transverse test . 

No single criterion for failure was evident for the 
compressive test. In this test, cermet V may have 
failed as predicted by the maximum strain theory. 
According to Kingery [42], brittle materials fail in 
shear in the compressive test. The extensive de
formation of compressive specimens at a stress just 
below the strength is suggestive of failure in shear. 
That a maximum shear stress or a maximum shear 
strain is a second criterion of failure cannot be proved 
or contradicted from the data because sufficiently 
large shear stresses 'were not developed in the other 
tests. Although tests to develop the shear stress 
to these high levels may yet be devised, especially 
to evaluate such a shear strength, it seems common 
practice to accept the maximum shear stress as a 
criterion and the shear stress in the compressive 
test as the approximate shear strength [42]. The 
error in this assumption may not be serious for 
design purposes, because of the similarity in stress 

patterns for the compressive specimen and for 
parts such as cutting tools , punches, and stubby 
beams. 

e. Brittleness 

The brittle materials, including cermets, glass, 
ceramics, etc., are characterized by a t exture or 
structure in which resistance to shearing is weIr 
developed, but the tensile strength, or cohesion, i 
limited by the presence of zones or planes of weak
ness. The degree of brittleness for these cermets 
may be expressed as the inverse of ext ensibility. 
Preston's requirement that, for a substance to be 
classified as being brittle, failure occur in tension 
when the specimen is tested in shear [41] provokes 
the suggestion that the ratio of Truax / IT could be an 
index of brittleness. Because Tmax is usually derived 
from compressive tests, it follows that the ratio of 
compressive to tensile strengths should also be an 
index. T able 13 gives the values for Tmax/ IT and 
there is some correlation since a plot of Tmax/IT and 
extensibility gives a fairly smooth curve. The 
value of this ratio seems to be a characteristic of 
the cermet. 

8.4. Correlation of Impact Values and Mechanical 
Properties 

Figure 15 gives plots of impact values with three 
factors derived from mechanical properties. 

28 x 100 r---r--,----y---.---r--r---,--,---.--, 

26 

24 

o 

A 

c 

3 4 5 6 7 8 9 10 II 

IMPACT VALUE. fl Ib 

F IGURE 15. I m pact values plotted with factors computed from 
mechanical properties. 

Energy numbers are plotted with Impact values of unnotched spechnens on 
line A and notched spechnens on line B; moduli of resiliency and impact values 
for unnotched on C; and the product of compressive stren gth and tensile exten
sibility with hnpaet value, unnotehed on D; and with hnpaet value, notched on 
line E. 
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The modulus of resiliency [15, p. 282] is given by 

(14) 

where O"y is the yield stress. This modulus gives a 
measure of the energy absorbed elastically by the 
impact specimen. The correlation of this factor 
with impact value was unsatisfactory, line C, figure 
15. 

The energy number [30] is given by 

(15) 

where 0" is the tensile strength from form-D speci
mens. This number gives a considerably better 
correlation with impact values, lines A and B. 

Concentrated compressive stresses as well as 
tensile properties are involved in impact tests. It 
would seem that a factor derived from results from 
both tensile and compressive tests would gIve a 
better correlation; such a factor is 

Fa=- O"€ (16) 

where 0" is the compressive strength and E is the cal
culated extensibility from the form-D specimens. 
This factor gives the best correlation with impact 
value, lines D and E . None of these correlations is 
satisfactory for predicting the impact value from the 
mechanical properties. 

9 . Summary 

Tensile, compressive, torsional, transverse, and 
impact tests were made on specimens of cermets 
having fiv e distinct compositions. The tests were 
evaluated according to the design requirements of the 
specimens and apparatus, refinements in test pro
cedure, suitability to the cermets, and the variability 
of the results. The tensile , compressive, and trans
verse tests gave comparable moduli of elasticity and 
Poisson's ratios, and the modulus of rigidity calcu
lated from these values agreed with the modulus of 
rigidity from the torsional test. The stresses and 
strains present at fracture in the tensile, compressive, 
torsional, and transverse tests on specimens of com
parable sizes indicated that these brittle materials 
broke either at a limiting tensile strain or at a 
limiting shear stress. Brittleness was e:lI . .'pressed as 
the ratio of shear to tensile strength and was related 
to maximum tensile strain. The combination of 
tensile and compressive tests gave the essential 
elastic properties and strengths of the materials. 
The degree of correlation of impact values with 
mechanical properties was considered too low for the 
prediction of impact values . 

The contribution by Gordon B . Massengale in the 
planning and design of apparatus during the initial 
part of this investigation is acknowledged. 
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