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FCREWORD

This report was prepared by Metallwerk Plansee, Reutte/Tyrol, under
USAF Contract No. AF 61 (514)-741-C. The contract was initiated under
Project number 7351, "Metallic Materials", Task number 73512, *High
Temperature Alloys®. 1t was administered under the direection of the
Materiala Laboratory, Directorate of Research, Wright Air Dewelopment
Center, with Mr. C. B. Hartley acting as project engineer.

This report covers work conducted from July 1954 to April 1955,
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ABSTRACT

Pure titanium carbide and titanium carbide with molybdenum carbide,
vapadiwn carbide and chromium carbide have been elloyed with refractory
binding agents such as iron-aluminum alloys with a content of 8 to 14%

of aluminum as well as Fe-Al-Cr, Fe, Cr-Al and Fe-Al~Mo, The carbide
phase has been varied from 5 to 35%.

The most promising alloys found out among the 12 series of alloys
consisted of & binding agent of iron-aluminum with 12 or 14% of aluminum
and of mixed crystals of titanium carbide - chromium carbide 90/10,

All alloys examined can be shaped to a certain extent at high
temperatures,

PUBLICATION REVIEW
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I, Dj a f the proble

Among all heat and scale resistant materials examined in the last
years, cemented carbides on the base of titanium carbide with binders
of Ni-Cr, Co-Cr and Ni-Co-Cr have found the largest development and
have shown the most favourable results. The so-called gemented
carbides grade "WZ" as developed in Metallwerk Plansee are just tested
in service in gas turbines. According to the results obtained hitherto
it mey be supposed that these cemented carbides can be used for turbine
blades and other structural parts of high temperature engines working
at temperatures of 950 to 1Q50°C. The alloys of our development contain
75 to 35% of titanium carbide amnd 65 to 25% of a binder, alloyed of
Ni-Cr 80/20, GoeCr 70/30 or Ni-Co-Cr 60/20/20, respectively. We are
graduaelly producing them according to the usual methods of production
of cemented carbides. We have examined very closely their properties
at room temperatures as well as at elevated temperatures.*

Figure 1, left side, shows some properties of cemented carbides
alloyed of TiC-Ni-Co-Cr as a function of its content of binding metal.
It is obvious that the impact strength is improved by an increasing
content of binder, the hardness, however, and also the modulus of
elasticity are decreasing correspondingly.

The stress to rupture strength as well as the creep strength of
such combined alloys depend on the high heat resistant binding alloy
as well as on the carbide component. The heat resistance will be, no
doubt, higher as that one of a pure binding alloy, provided that the
carbide component is of sufficient importence and is forming a carbide
skeleton. Due to the high hardness and the high modulus of elasticity
these materials will be more brittle than the superalloys known as yet.
If we diminish the content of carbide, the carbide skeleton gradually
decomposes and, in materials with a content of less than 40% TiC, the
carbide appears only in the shape of round single grains embedded in
the binder. The reason of the greater creep strength of these
materials is no longer the reinforcing effect of the carbide skeleton
but, presumably, it is caused by the embedded carbides obstructing the
slide of the binding alloy in hot condition. The influence of the
grain size, the grain shape and the dispersion on the creep has not
yet been investigated.

The idea of the present investigaetion was the production of
materials with a carbide content of less than 35% consisting of

pure titanium carbide or mixed crystals of titanjium carbide with
molybdenum carbide, or vansdium carbide with chromium carbide and

using as binding sgents alloyved heat resistont steels, alloyed

* P, Schwarzkopf and R, Kieffer: Refractory Hard Metals, Macmillan

New York 1953, pp. 395 etc.; R, Kieffer and E. Schwarzkopf':
Hartstoffe snd Hartmetalle, Springer Verlag Viemna 1953, pp. 662
etc.; R. Kieffer znd F, Kolbl: Z.anorg.allg.Chem. 262 (1950) pp.
229/47; Plansee-Berichte 1, (1952) pp. 17/35.

Manuscript released by the authors 13 May 1955 for Publication as a
WADC Technical Report.
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especially with aluminium, chromium and nickel instead of the

usual super alloys. We, consequently, are entering in the field
11lustrated in figure 1, right side, Provided that these materials
would be scale resistant up to temperatures of about 1100°C they
could show, as stated above, both a good stress rupture strength
and ereep strength., As the intended binding alloys, partly well
Imown alloys for heating elements, are also hot-wérkable, we can
presume that such compound carbide alloys will be both to mill

and to forge. Contrary to the known cemented carbides grade "WZ"

it may be possible to produce semi-finished products of these alloys.
When sintering the proposed compositions as usually in hydrogen

or in vacuum, ws obtain relatively porous sintered compacts and

it may even be necessary to compress them by a subseguent working,
Only largely dense materials will show a favourable heat resistance,

Attention had of eourse also been paid to economical reasons
as woll as to considerations concerning the raw materials, when
choosing the project of the research,

I1. 8 t vegtigati

. As explained in the introduction, the task of the investiga-
tions was the production of high heat and scale resistant sintered
materials on the base of titanium carbide with binding agents of
an iron alloy, heat and scale resistant as well, Pure titanjum

carbide and mixed crystals of titanium carbide and molybdenum
carblde and vanadium carbide, and titapjum carbide and chromium

gcarbljde to an extent of 5 to 35% served as carbide components,

The technical titanium carbide as used in the production of
cemented carbides contains only 18 to 19% of combined carbon and

a few tentlnof free carbon. There was a danger of a reaction of
the free carbon on the iron binder thus forming brittle phases
(bicarbides etc.), when using pure titanium carbide which is very
difficult to produce in its theoretical composition due to the
well known difficulties, We therefore thought to investigate the
use of titanium mixed crystals instead of pure titanium as, accord-
ing to experience, they are much easisr to produce pure. When
making use of mixed crystals containing chromium carbide, we thought
to support the formation of a stable £ilm during the development

of scale by the chromium present in the carbide phase,

There were many possibilities in choosing a binding alloy on
the base of iropn., We firat tested the behaviour of an irop alumipnium
binder containing 3, 10, 12 and 15% of aluminium respectively.
Pure iron aluminium alloys, sintered in wacuum, show rather good
hot forming properties and are materials of an excellent scale
resistance& properties, use of which has already been made
practically with alloys for heating elements. Alloys with a high
content of aluminium show very favourable properties; the work-
ability, however, leaves just a great deal to be desired, As these

WADC TR 55-243 2



alloys are ferritic ocnes they have a good creep stremgth. Contents
of Al,05 added intentionally or produced by an adeguatiely handled
sintering procedure can essentially improve the creep. It was also
to presume, that additions of carbides and carbide mixed crystals
are very much improving the creep strength of such compound alloys
because of the depoaits containedsproducing an obstruction against
the slide effect,

A technically good control of the gintering process of alloys
sensible to oxidation, together with metals forming oxides difficult
to reduce, is only possible in yacumm. On account of the favour-
able experiences made with the yacuum sintering process, vwhen
sintering permanent magnets with gdditioms of borgn, the influence
of an addition of ferro-boron corresponding to a content of about
0.5% of boren in the resulting alloy, was investigated in further
series of tests, (See: F, Frehn and M, Hotops Effect of Small
Boron Contents on the Properties of Sintered Bodies Prepared by
Vacwum Sintering., Symposium on Powder Metallurgy London 1954).

Boron dissolves oxide skins during the sintering process,
because of the occurance of a liguid phase, thus producing sintered
compacts of greater density, This liquid phase, containing boron
accelerates the diffusion thus facilitating the homogenization of
the sintered alloy. Further, the sintering temperature can be
lowered essentially which is a great advantage of the proposed
materials usually sintered at 1300 to 1400°C. For the boron con-
taining alloys sintering temperatures of only 1200 to 1250°C
wers sufficient,

We know of the alloys for heating elements that an gddition
of ghromium 4is prolonging their 1ife essentially. The behavicur
of these alloys with respect to the seale is far better as com-
pared with chromium free alloys, but their workability is somewhat
poorer, Therefore, further alloys with additioms of 3% of chromium
to the 12% iron aluminium binder were produced. In order to facil-
ftate the sintering proceas 0,5% of boron wes added, consisting
of ferro-boron.

Further eompositions were made in order to investigate the
properties of the usual W%ﬂm used for
heating elements with binders consisting of 30% Cr and 5% Al,
The same was d ore with an allov of iron nicke) chremiuy with
20% Ni and 25% Cr.

First of all alloys containing mixed crystals of tltapiup

carbide with molybdepum carbide, vapadium carbide and chropium
, respectively, instead of pure titanium were alloyed on-

1y with binders consisting of an iron aluminiwm alloy with 12 and
1.4 of aluminium, The titanium carbide mixed erystals contained
10% of molybdenum carbide, vanadium carbide or chromium carbide,

WADC TR 55-243 3



respectively. Only for one series of tesis a titanium-chromium
carbide mixed crystal 80/20 was used,

By uvsing NiAl as binder to titanium carbide, no good materials
were obtained under the given conditions,

In one of the last series of tests an iron aluminium moly-
bderum alloy 91/14/5 was used as binder to the TiC/CrgC mixed
erystal 90/10. A similar alloy was recently suggeste gor heat
resistant materials, which seems to be better than a pure iron
aluminium alloy.

On prineiple, only very fine compopent powders were used as
it 1s not at all easy to homogenize the proposed sintered alloys,

consisting of many materials, despite of the liguid phase., The
very fine, pure and easy sintering carbonyl iron powder served,
therefors, as iron base. All the other additions were applied
milled to powder.,

In order to improve the distribution as well as the homo~
genization of the powders the mixture Fe-ﬁl-Mb-TiC/brjcz 90/10
was wet milled during a sufficlent long period. This is a process
as applied in the mamufacture of cemented carbides,

The gpecipens were mapufactured according to the usual methods

of the Powder Metallurgy i.e. gingle pressipng and sintering in
yacuum, The sintered compacts were expected to remain considerably

porous despite of the formation of a liguid phase, thus reducing
their properties, In order to inveastigate the properties of dense
alloys some compositions were manufactured by Lot presging and
examined after having homogenized them by annealing.

171, 8 a acture of s ]

Summarizing the statements in article IT the following aseries
of alloys were investigated with regard to their composition:

1. Table 13 Fe~Al-TiC (for tensile test specimens) (No. 59,
2-8, 49, 9-15, 50, 16~22)

2, Tahle 2: Fe-Al-TiC (for hot pressed pleces) (No. 45, 24=30,
L6, 31=37, 47, 38-i4)

3. Table 3r Fe-Al-TiCR (No, 60, 52-53)
Le Table 43 Fe-AlLr-TiC~-B (No, 61-63)
5. Table 531 Feulr-Al-TiC-B (No. 69-76)
6. Talle 6: Fe-Lr-Ni=TiC-B (No. 77-8%)
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7o Table 7: Pe-Al-TiC/MoC-B (No. 85-94)

8. Table 8: Pe-Al-TiC/VC-B (No. 95-104)

9. Table 93 Fe-Al-‘IiC/CrBCZ. 90/10-3 (No. 105-11})
10. Table 10: Fe-Al-'I‘iC/Grscz. 80/20-B (No. 115-12})
11, Table 1l: NiAl-TiG/CrBCZ. 90/10B (No. 125-=131)

12, Table 12: Fe-Al-Mo-TiC/CrqCs. 90/10-3 (No. 132-138)

13. Table 131 Fe-Al-Mo-TiC/CryCp, 90/10-B (wet milled)
(No. 13%-145)

As to the manufacture of the specimens the following can be
said: The investigation of the technological properties of the
sintered bodies are intended were made with flat tensile strength

test bars. (See: R, Kieffer and W, Hotop: Sintereisen and Sinter-
stahl, Springer Verlag Viemna 1948, pp. 323/24).

A carbide lined die was used to press the very fine grained
mixtures acting as an abrasive, The powder components were
intimately mixed in a wing mixer (Lodige mixer) during half an
hour., Some comphor-ether solution was added and rodacgé 5 to 6 om
in height were pressed by an uniform pressure of 6 t/cm“. No
difficulties were met in pressing and the green bodies showed
relatively stable edges without slip cracks. The green bodies
were put in a vacuum furnace with molybdenum heating elements,
embedding the bodies as several separated layers in eluminium oxide
powder in boats (Pigure 2 and 3.) They were always sintered during
1 hour in a slight wvacuum of 107 < to 103 mm Hg. The sintering
temperatures of the Fe-Al-TiC specimens were 1300 and 1350°C,
respectively. All specimens containing boron were sintered at
1250°C; some of them at only 1200°C, After the sintering procedure,
most apecimens showed a clean metallic surface and a metallic
surface of fraction. With increasing addition of carbide the sur-
face showed a dull gray and the surface of fraction was somewhat
dull as well.

The equipment as shown in Figures 4 and 5 was used for the
preduction of hot pressed compacts made of mixtures Fa-Al-TiC
in order to investigate the properties of largely non porous bodies.
An amount of the mixture, determined by weight was put in a
graphite shel)l and heated under preasure to a temperature of 1200
to 1250°C. This was continued until the readings taken of the
recording instrument showed no reduction of the volume., The speci-
mens of a diameter of 15mm and about 10mm in height were then
thoroughly cleaned of the remeinders of graphbite and were again
sintered afterwards, like the teasile strength bars, 1 hour at
1300°C and 1350°C, respectively, in slight vacuum.

WADC TR 55-243 5



Iv.

1.

2e

3.

be

5e

6.

ati

Density

The density of the tensile sirength test bars either green or
gintered was determined after having covered them with paraffin
according to the bhuoyancy method. The indicated values are
averages of 2 measurements,

shrinkage

Only the shrinkage in length was determined and stated in
percents of the original length of the greem body. The in-
dicated values are averages of 10 measurements,

Hardpegss

We have determined the Vickers hardness with a load of 20 and
30 kgs., The samples were ground by a fine grained grinding
wheel before the test., The indicated values are averages of
10 measurements made of 2 rods, The values differ greatly
especially concerning the samples with high hardness.

Tensile strengt d e t

The specimens were marked in a distance of 50 mm and torn by

a tensile strength machine of 10 tons load using shoulder
Jaws. Though very carefully eclamped it was unavoidable that
the relatively brittle samples broke partly untimely due to
the bending stress. Such values were not taken into consider-
ation. With exception of the carbide free samples no measure-
able elongation was found. The indicated walues are averages
of 2 measurements,

Zppact trapgverse strepath

The samples, without notch, were smashed by a small hammer
with an impaet energy of 150 cmkg. The distance of the jaws
was 40 mm, The hammer was touching the broad side of the
specimen. The indicated values are averages of 2 measurements.

Scaling

A prismatic specimen of about 5 x 10 x 25 mm was cut out of
each rod and heated in a muffle furnace in slight moving air
during 2, 4, 8, 16, 32 and 64 hours at 300 to 900°C, A scal~-
ing time of only 2 to 4 hours was applied at a temperature of
1100°C, because most of the samples showed so much secale
after this period that the oxide film partly scaled off, The
hot pressed samples, which were very dense, mostly showed

WADC TR 55-243 6



Te

8.

badly adhering layers of scale. After each annealing operation
the specimens were weighed and the augmentation of walght was
referred to 1 cm? of the surface, The values as indicated

are individual ones.

Hardpess at hish temperatureg

We have manufactured equipment of ocur own design similar
to the apparatus of F,P, Bens (Trans.Am.Soc.Met. 38/1946,
Figures 6 and 7, 105/16). Specimens cut to suitable size
were heated in this equipment in vaomum to temperatures of
200, 400, 500, 600, and 700°C, respectively. Three Vickers
measurements were made by means of a diamond in a speclal
holder. The indicated values are averages of 3 measurements
made of each specimen,

T strength hi ) tyres
In order to find out the transverse rupture strength both

~at room temperature and elsvated temperature equimment of

9.

WADC TR 55-243

our own design was used (Figures 8 and 9,) As working temper-
atures up to 900°C, were planned it was necessary to develop
a special comstruction for both the support and the pressure
bar, They were made of sintered aluminium oxide, The rollers
of sintered aluminium oxide of the support were mounted in a
shaped pilece of cemented carbide, grade "WZ" (an alloy of TiC-
Ni-Co-Cr), Slots in the end in which guide pinswere done,
avoided a displacement of the specimens, A 10 tons tension
test machine applied the preasure. We examined always 2
spscimens at 20, 500, 700 and 900°C, respectively. The
following formula served for the calculation of the valuess

hd P . 7.5
B b.h<

P = total load

b = width of the specimen

h = height of the specimen

1 = distance of the supports (= 50 mm)
B = transverse rupture strength

Tepsile strength at high temperatures

We used  equipment of our own design (Figures 10 and 11).
Special attention should be drawn to the supports which were
also made of cemented carbide, grade "WZ" (TiC-Ni-Co-Cr alloy).
We determined the tensile strength during a short period at
500, 700 and 900°C, respectively, using always 2 specimens.
The indicated values are averages of these measurements,

7
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Forgeability tests

In order to examine the forgeability of the tested materials
the specimens were heated in a carbon tubs furnace with
alumina insert at 1150°C under hydrogen and forged by hand on
the one end of the specimen,

The forgeability of the specimens can bs determined after
finding out whether the end is deformed or whether cracks
or breakage oceurred., A shaping without cracks could even
be attained with materials which got cracks or even btroke
by doing the forging at higher temperatures.

V. Discussion of the results

The technological propertiss of materials examined at room
temperatures are compiled in tables 14 to 30.

We shall now discuss a single property by comparing all
materials,

1.

2.

Presged density

The series of alloys (1) to (2) (for details see page )
show a distinctly decreasing density if the addition of
Fe-4Al as well as of titanium carbide is increasing, Ge-
narally speaking, the density of all series of alloys is
decreasing with an inereasing content of carbides. An
addition of ferro boron barely influences the

density of series No. (3), An addition of chromium is
caus%n the somewhat worse compressibility of series

No. J e

The alloy No. (5) show the same compressibility compared
to the alloys No, (2}, Higher densities are obtained with
series No. (& due to their higher eonient of nieckel and
chromium,

The compreasibility of the alloy series No. (7) to (10)
13 nearly not influenced by an addition of mixed crystals
compared to that one of pure titanium carbide.

Series No. (12) show a worse compressibility due to the
wet milling and a considerably reduced pressed density
because of the very fine powdered starting mixtures.

git shri

The carbide free samples of seriss (1) to (2) are shrink-
ing relatively consideradbly., This effect is strongly

8



reduced by an addition of 5% of titanium carbide; the sintering
density and the shrinkage, however, are greatly increasing

with additions exceeding the a/m 5%. In fact, the shrinkage

of some alloys containing titanium carbide is more than the
double of that one of titanium carbide free alloys, a phen-
omenon which is again increased by the use of binders with

an incressed content of aluminium, If the aspecimens are
sintered at 1350°C. instead of sintering them at 1300%

they are showing a similar behaviour with exception of the
abaolute values of the sintering density and the shrinkage,
which are considerably higher, Comparing the density of

the normally sintered specimens to these prcduced by hot
pressing, but made of the same pre-material, the density

of the latter is econsiderably higher. Presuming a porosity

of the hot pressed specimens of less than 2% we can say

that the porosity of the normally sintered specimens is of
about 8 to 14%. It is, however, posasible to obtain an essential-
ly improved sintering density, neighbouring largely to that ore
of the compact body, by using sultable methods of which we shall
report later on,

An addition of 0.5% of boron as ferro boron to series No. (3)
causes a very increased sintering density and shrinkage as
compared to series No. (2), a fact which indicates that the
boron alloy, acting as liguid phase, 1s largely instrumental
to dense sintering. These samples show practically the same
density as the hot pressed ones, :

The addition of chromium to series No. (4) hinders the sinter-
ing process probably due to the formation of nob-reduceable
oxide skins, The density and the shrinkage are lower than
these of series No., (3).

The raise of the sintering temperature to 1300°C, made it
only possible to obtain somewhat dense and metallic alloys
of series No. (5). Series No. (6), however, could just be
sintered satisfactorily at 1200°C but with a relatively great
shrinkage.

The series of alloys No. (7) to (10) show, especially as to
the series (7) to (9 ), both a very high sintering density
and shrinkage, which are of higher values than with the series
with pure titanium carbide. The effect of dense sintering is
intensified by an increase of the content of aluminiwm on the
binder., There is only one exceptions series (9 ) containing
a mixed crystal TiC-CriC, 80/20 with an inferior shrinkage
and a lower sintering density. Presumably this is effected
by nonsredue ihle chromium oxide skims.

WADC TR 55-2,,3 9



Series (12), worked normally, showed no essential difference
compared to series No. (9) though being of a somewhat changed
composition, Is the mixture however wet milled, the shrinkage
is nearly the double btut the structure of the surface of
fracture is of a speclally metallic aspect and very fine grain-
ed, Both series are, however, dense to a large extent,

3. Hardpess

It goaa for all seriss of alloys that an increasing content

of carbides improves their hardness very stromgly. A material
containing 30 to 35% of carbide will have a hardness of about

a hardened steel., The hardness of sintered materiales depends

largely on its density like, by the way, all their stress pro-
perties, a fact, which is illustrated very distinctly by com-

paring series (1) and (2}, sintered either at 1300 or 1500%C,

The hardnesses of the corresponding hot pressed specimens
are nearly of the same value as these of the specimens sin-
tered at 1350°C,

The additions of boron to the series No. (3) are erfecting anm
increased density and, parallel to it, a distinetly improved
hardneas, The addition of chromium to series No. (4) whieh,

as already pointed out, hinders slightly the sintering process,
results in a somewhat lower hardness, An incomplete sintering
process is proved by the relative low hardness of the seriles
No. (5), whereas the series No. (6) are of a better hardnese
and are eagsier to sinter. The series of mixed crystals No. (7)
to (1p) are of materials of an exceptionally high hardness.
Series (9), containing TiC/Cry€s 90/10, is of special pro-
minence. A distinct improvement of the hardness is caused

by an increass from 12 to 14% of the content of aluminjum of
the binder, There is only series No. (10) with a content of
TiC/br302 80/20 which is worse, even as to its hardness, A
fine milling of the series No., (12) doss not cause any increase
in hardness compared to the samples made in normal production
whiceh is presumably due to a somewhat greater micro porosity
{see also sintering desnity).

Lo Tensile gtrength at room temperature

Though the determination of the tensile strength of btrittle
material is very difficult and does not always give reproducable
values, it is, however, an indication, in connection with
hardness and impact flexure strength, concerning the duetility
and the presumable hot stress properties. Comtrary to the
inerease in hardness with inereasing content of carbides, the
tensile strength of 81l series of alloys is diminishing very
digtinetly with an inereasing content of earbides, This is
presumably due to the fact that we are obviously measuring too
low values of temsile sirength when testing hard and brittle
materiala of & high content of carbides. An increase of the

WADC TR 55-243 10



aluminium content of the binder of the series (1) to (2)

cauges a lower tensile strength, a fact, which is presumably

in accordance with brittleness. The tensgile strength is obvious-
1y secured by the addition of boron to the series No. (3)
especially when comparing it to the values of series (2’3.

The series of alloys No. (h) shows a good tensile strength,
series Fo. (5) 13 not as good. Series No. (6) shows average
values,

The mixed erystal series No. (7) to (10) are of a good tensile
strength and series No. (9 Y containing T:I.C/Cr302 90/10 1s of
_an outstanding quality. The additiom of TiC/r3C2 80/20,

on the other hand, results in a clear deterioration of the
tensile strength.

Trte tensile s trength of the wet milled specimens of serles
(12) is clearly better than of the samples produced in the
normel way, though the hardness is somewhat lower. This is
presumably caused by the somewhat higher ductility and the
fine grain of the wet milled materials,

5. Elomgaticy

Only the carbide free sintered alloys of the series No. (1),

(5) and (6) show a clear elongation. The values of all

other alloys containing between 5 to 35% of carbides are un-
determinable without a precise equipment to find out elon-
gation (dilatometer). This effect proves, that the ductility
of the generally used Fe-Al binder with a content of 8 to 14%
of Al does not allow a plastic deformation at room temperature.
Also the binding agents Fe-lr-Al and Fe-Ni-Cr, though rather
ductile, are getting brittle at room temperature by infiltration
of carbides,

6. Impact flexure strepgib

The impact flexure strength of all alloys is strongly reduced
by an increasing content of carbides due to the notch effect

of the infiltrated carbide grains, Series (1) to (2) illustrate
the fact that also an increase of the aluminium content of the
binder is reducing the toughness,

The addition of boron to series No. (3) results in an improved
{mpact flexure stremgth. Series No. (4) does not show any
influence exarced by the addition of chromium. Series No. (5)
1s bad, but series No. (6} is moderately good.

WADC TR 55-243 11



Among all seriecs of mixed crystals the alloys containing the
mixed crystal Tiﬂ/ﬁbgc are the toughest ones followed up by
TiC/Cr{C, and TICANC. Series TiC/CriC, 80/20 is bad again.

There is no essential difference between the normal and the
wet milled specimens of series of alloys No. (12) as to its
impact flexure strength. The wet milled specimens are even
somewhat more brittle but are of a better tensile strength.

7. Yarw bardpess

The values of the warm hardness allow to draw certain cem-
clusions from the mechanical resistance at elevated temperatures,
An increasing addition of cartides is stromgly improving the
wvarm hardness as well as the hardness at room temperature.

The warm hardness of the series No., (1) to (2) is diminishing
with an increasing aluminium content of the binder, but this

is only true for alloys with a low content of TiC, A high
content of TiC, however, is increasing the hardness due to the
influence of the carbides even at elevated temperatures (see
figures 12, 13, 14).

The aidition of boron to series No. {3) is increasing the
warm hardness as well (see figure 15}, The addition of chro-
mium to series No. (i) does not influence greatly the warm
hardness (see figure 16). The series of alloys No. (5) though
being of a relatively low hardness at room temperature and
series No, (6) are hard in warm state (figures 17, 18).

The mixed crystal alloeys (7) to (10) show a very improved warm
hardness according to an inereasing carbide phase; an increase
of the aluminium econtent of the binder increases the warm hard-
ness, The best alloys in this respect are those with a content
of TiC/MoL (figure 19) followed up by TiC/CriCz 90/10 (figure
21)s The alloys TiC/VC and TiC/Cr3C, 80/20 are only satis-
factorily down to bad. A wet milling process (figure 20, 22)
of series (12) does not influence their warm hardness in any
decisive mammer (figure 23},

8, Hot transverse rupture strepgth

Theugh an increasing addition of carbides is generally di-
minishing the transverse rupture strength at room temperature,
this addition 1s strongly improving the transverse rupture
strength at elevated temperatures, say at 700 to 900°C,

Low values of hot transverse rupture strength are mostly

shown by specimens, which do not break at a certain temperature
during the test and which, of course, are so very plastie

and are, therefore, bending strongly. Such materials are not
to be applied at elevated temperatures and which have to undergo
a stress at the same time, At a testing temperature of 500°C,
the series No. (1) to (2), especially as to the specimens with
a higher content of carbides, showed an inereasing transverse

WADC TR 55-243 12



rupture strength compared to the same rroperty at room temp-
erature. (Figures 24, 25, 26), Some other alloys showed the
same effect as well, which is probably due to the better
toughness at elevated temperatures. A further increased
testing temperature, however, reduces the transverse rupture
strength tut the percentage of this reduction is smaller for
samples with a higher content of carbides, These samples are,
therefors, much more rigid and show a betier resistance at
elevated temperatures. The rigidity is also increased by

an increasing content of aluminium of the binder vhich is
probably due to the influence of most finely divided aluminium
oxide,

The addition of boron to series No. (3) is improving the hot
transverse rupture strength, btut only the specimens with a
high content of carbides are of a suf ficient rigidity to
break by brittleness. The samples containing 30 to 35% TiC
show even better values of transverse rupture strength at
700°C than at room temperatures (figure 27).

An addition of chromium to series No. (4) is very profitable
and the values of the speeimens of a high content of carbides
are better at 700°C than at 20°C, (Figure 23).

The series No., (5) does not show very good values (figure
20}, The alloys of the series No. (6) however are very rigid
(figure 30).

The carbide mixed crystals show outstanding values and they
are to classify as follows: Series (g ), (8), (7) and (10)
(figures 31, 32, 33, 34), The alloys containing 35% of
mixed crystals and partly the alloys with a content of only
25% are even better at 700°C than at 20°C.

The values obtained with the wet milled specimens of series
No. (12) are slightly inferior to that omes of the samples
made by the normal process (figure 35).

9. Hot tepsile strepsth

Whep judging the results of the hot tensile strength, the

same point of view can be applied as for the results obtained

at room temperature., It is very difficult to apply the

charge just in the axial direction of the specimena, and a
pramaturate treak of the brittle sarple 15 often unavoidable.

The results obtained, howevar, allow certaln conciuslons concern—
tng the admissihls charge during a short time at elevatad

tampera tures.

WADC TR 55-243 13



Similar to the hot transverse rupture strength we can observe
an increase of the hot tensile strength according to an in-
creasing additlion of ecarbide. At room temperatures, however,
we can observe Just the inverse effect. Many of the specimens
show values of the hot tensile strength which are higher at
500°C and even at 700°C than at 20°C, This effect is already
noticeable with the alloys of the series No. (1) to (2) (figure
36) and their hot tensile stremgth is also improved by a higher
aluminium content of the binder.

An addition of boron to series WNo. (3) is improving the hot
tensile strength as well (figure 37),

Series No. (4) and (6) show also a good hot tensile strength
(figures 33, 39) but series (5), being of a low tensile strength
at room temperature, is accordingly of a reduced not tensile
strength.,

Series (7) to (10), with a content of mixed crystals, show
again the best properties. Considered on the whole, the mater-
ials containing 35% of TiC Mo,C (figure 40) or Tm/brgz 90/10
(figure 41) and with a contenf of 12% binder are the best ones.
Series No., (10) is bad again.

In spite of the relatively high tensile strength at room
temporature the series No. {12), wet milled, does not show
& better hot tensile strength than the similar materilals of
series No, (9 ) (fizure 42). The values are not essentially
higher than those of the specimens of the same composition
and manufactured in the normal way.

10. Scale resistance

In spite of the very ample material examined, it is not always
simple to determine the influenece of the compositions of the
alloy on the scaling properties, Besides the increase in weight
after having fired the specimens in open air during various
periods and at various temperatures, we must also consider

the aspect of the specimens, i.e. the formation of the seale
layer, in order to form an opinion.

At first, the pure iron aluminium alloy of the series (1) to
(2) 1s very stable, but when adding only 5% of TiC a thiek
and even strongly adhering seale layer is formed. This effsct
is proved very distinetly by specimens oxidized at 900 and
1100°C, When alloying the binding agent with more titanium
carbide again, the secale layer is getting more and more thin,
down to rather insignificant oxide layers, if a content of

30 to 35% is reached, (Figures 43, 44). We can say that the
alloys No. (21) and (22), especlally if they were sintered at

WADC TR 55-243 14
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higher temperatures (1350°C) show an outstanding scale
resistance even at a temperature of oxidation of 1100<C.

The aluminium content of the binder is improving the scale
resistance, a fact which 1s 1llustrated in figure 43 and Ak.
The acaling isotherms as shown in these figures follow to a
parabolic law, i,s, the strongly adhering oxide layer vhich
is gas tight acts largely as a protection of the alloy below.

We should like to draw the attention to another fact. Com-
paring the tight, hot pressed samples to the porous ores,
mapufactured in the normal way and being of the same compo-
sition, we note the stronger oxidation of the hot pressed
specimens and, espeeially, at higher temperatures of oxlda-
tion, that the scale layer is not of a good adherence.

We think that this effect iz due to the more porous and course
surface of the normally sinteredsamples, which causes the
scale layer tg adhere in a mich better way than on the smooth
and nearly non-porous surface of the hot pressed samples. As
already pointed out, it s also the surface which iz to be
congidered when forming an opinion as to the scale resistance
of a specimen.

The addition of boron to the series No, (3) causes an inferior
scale resistance, which is especially proved by the alloys with
a high content of titanium carbide and at oxidizing temperatures
of 900°C (figure 45). The increase in weight is, on the whole,
very low again and we are permitted indeed to speak of very
good scale resistant materials up to a temperature of 00°C,

The small addition of chromivm to series Ko, (4) is nearly
not influencing the secaling properties (figure 46), Some
gpecimens oxidized at high temperatures show a very parti-
cular papillary shaps of the scale layer which is reduced to
some places only.

The series of alloys No. (5) containing an Fe-Cr-Al binder
and which is, as already mentioned, difficult to sinter,

show a very poor scaling property ifigure 47). Ve believe,
that the diffusion of the compoments was 8o poor that the
Felr-Al alloy vhich is of very good scale resistance, failed
to materialize its good effect,

Though showing a somewhat higher increase in weight, the serles
Ko. %6) can be characterized as of a good scaleresistance -
especially those alloys with a higher content of titanium
carbide - due to their thin and strongly adherent scale layer.
(See figure 48). .
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The series (7) to (10) with additione of mixed erystals are
materials of a very good seale resistance becanse of the
addition of the TiC/ﬁozc mixed crystal and of the use of a
binder eontaining 12% as well as 14% of aluminium. The in-
crease in weight is very low, especially for the materials of
a high content of mixed crystal (figure 49). When judging
these values we have to take the faet into account that a part
of the Mo0; which is formed during the oxidation is vaporizing
and therefore the low increase in weight is only apparent,
The scale layer is, however, strongly adherent and we can
characterize the materials of a high content of carbide as of
a good scale resistance even at 1100°C

The increase in weight of the alloys containing TiC.VC mixed
crystals is also low (figure 50) but the scale layers formsd
are not adherent and especially, if the binder contains 1%
of aluminium, loeal patches are formed in the scale layer
which crack off easily.

The series of alloys No. ( 9) containing mixed erystals TiC-
CriC, 90/10, especially with largs additions of mixed crystals,
aré materials of an cutstanding scale resistance (figure 51).
These materials are of the same outstanding property even at
1100%C, provided a content of mixed crystals of more than 153,
If we increase the content of the mixed orystal Crqls up to
20%, the alloys made with this mixed crystal are remarkably
worse (figure 52),

The wet milled, fine grained specimens of series No. (12) cone
taining the mixed crystal TiC-CroC, 90/10 and also a binder

with molybderum and aluminium ara of an outstanding secale
resistance as well (figure 53), though the addition of ROlyb-
derum to the carbide free mixture or to the mixtures of a

low content of carbide deteriorates somewhat the scale resistance.
The alloys, however, with a content of 20 to 30% of mixed crystals
are of an outstanding scale resistance up to 1100°C,

11. Eorgeability tegts

These teosts are only permitting a mutua) comparison of the
quality of the different alloys, Such tests enabled us to

find out whether a certain alloy can be densified by hot coin-
ing. Forgeabllity is uniformiy decreasing according to an
increasing addition of TiC., At a temperature of 1200° the
specimens of a content of up to 20% TAC can be forged rather
well, If the content is exceeding to 20% the forgeability is
bad, Heated again to higher temperatures, the specimens, no
doubt, would become forgeable. If we compare the binders, we
find that the pure Fe-Al alloy with 8, 10 or 12% Al respectively
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and, if necessary, alloyed with chromium are best forgeable.
Additions of earbide mixed crystals turn the alloys into very
hard ones and consequently they are very difficult to forge,.
These alloys would even need higher forging temperatures.

The alloy Fe-Al-Mo-TiC/CriC; 90/10 wet milled and subsequently
sintered to high density is very difficult to forge as well,
The specimens of this composition produced in the usual way,
being even more porous, are good forgeable.

Summarizing, we can say that all materials are forgeable and
that a hot coining of porous shapes is possible at sultable
temperatures.

SUMARY

The aims of the research were the further development of the
idea to alloy titanium carbide and titanium mixed crystals with
well known scale resistant and refractory alloys, 1.e, alloys
which are already in use as "WZ" cemented carbides" containing
35 to 90% TiC and binders of Ni-Cr or of Ni-Cr-Co., It was in-
tended to produce and to examined alloys with a garbide phase
of less thap 35% and containing varicus pefractory binders on
ihe tase of ironm,

The carbide components consisted of pure titanium carbide and
of titapium carblde with molybdenum carbide, vanadium carbide
and chromium carbide. We made use of refractory binding agentis
1ike iron aluminivm alloys with a content of 3 to 14% of
aluminium as well as of the classic alloys for heating elements
on the base of Fe-Al«lr, Fe-Cr-Al and Fe-Al-Mo, Wa further
examined a recently recommended alloy Fe-Al-Mo. The specimens
were produced according to the usual procedure of the Powder
Metallurgy by mixing the comporents which were, partly, pre-
alloyed. The resulting powder was cold or hot pressed and
sintered in vacuum. In & special series we examlned the very
promieing process of wet milling., The gintered test bars were
examined to find out the hot and cold tensile strength, the
forgeability and the scaling propertles.

The most promising alloys found out among the 12 series of
alloys were consisting of a binding agent of iron-aluminium
with 12 or 1% of Al and of mixed erystals of titanium car-
bide - chromium carbide 90/10. A wet milling procesa applied
for a similar alloy containing again some molybdenum brought
also materials of very favourable properties which wonld be
recommendable for further investigations.
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All alloys examined can be shaped to a certain extent at

high temperatures, This property, however, does not change
the fact that an addition of carbides to the scale resistant
and partly refractory alloys on the base of iron, as examined,
is creating materials relatively brittle in cold state tut
which, on the other hand, are of a good heat resistance.

VI, Suggestiopns fop further ipvestigations

The results of the present investigationms show the direction
in which we have to proceed with further research work, First there
is the yet milling procedure which should be used more in the manye
facture of the mixtures, Finely divided components are facilitat-
ing the diffusion and result in very dense materials of a high
shrinkage, The finely divided carbide phase is presumably also
instrumental to the heat resistant propertias. The very promising
alloys with a binding agent of FeNi«lr and Fe-Al-Cr should be
examined in this respect,

We think we could counteract the trittleness in cold state
presumably by yarving the compositiop of the hipder as well as
of the garbide phage and the wet milling process will be, as al-
ready mentioned, of importance for the production of the powder
mixtures. As the mixed crystal TiC~Cr Co 90/10 13 most favourable
in every respect it should be submitteg to & close examination,
teating contents of chromium carbides of 3, 5 and 15%. The alloys
acting as binding agents offer many possibilities, Special
attention should be paid to forgeable alloys 1ike a nickel cobalt
chromiwm alloy (Timken), the alloy nickel chromium titanium
(Tinidur) and the &lloy nickel chromiwm vanadium titenium (Vanidur)
a8 well as Kanthal alloys with 5 or 10% of Al and 30% of Cr. Anm
a’dition of 0.5 to 5% of silicon to an iron chromium binder with
20 to 30% would be of interest, Further, the influence of addi-
tions of oxides on the refractory properties of the alloys with
a content of iron aluminium binders should be examined,

As to the o tion the mate 8, we think that it would
be advisable to determine, besides the usual methods to £ind out
the properties in cold and warm state, the endurance limit as well
as the creep of at least of some most promising alloys,

Further, it should be adviseble to be more exact when making
egt (: an t 8 and it
is especially recommendable to examine the mechanical properties
of the compacted materials both in cold and hot state,
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Figure 2: Vacuum furnaces with molybdenum heating elements up
to 1400°C, Vacuum pumps and transformers are below
the furnaces.
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Figure 4: Equipment for hot pressing
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Figure 10: Equipment for determining the tensile
strength at high temperatures.
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TABLF I

Composition Fe-al-TiC

3?mple i Composition % _ - Approx. %
R Sl e oo (R R T
59 84 16 - 92 8 -
2 79 16 5 87 8 5
3 74 16 10 §2 8 10
4 69 16 15 77 8 15
5 64 16 20 72 8 20
6 59 16 25 67 8 25
7 54 16 30 62 8 30
8 49 16 35 57 | 8 | 35
49 50 20 - g0 | 10 -
9 75 20 5 g5 | 10 5
10 70 20 10 80 | 10 10
11 65 20 15 75 | 10 15
12 60 20 20 70 | 10 20
13 55 2 25 65 {10 25
14 50 20 30 60 | 10 30
15 45 20 35 55 110 35
50 76 24 - 88 | 12 -
16 71 24 5 83 | 12 5
17 66 24 10 78 | 13 10
18 61 24 15 73 | 12 15
19 56 24 20 68 | 12 20
20 51 24 25 63 12 25
21 46 24 30 58 | 12 30
22 41 24 35 53 12 35
51 72 28 - 86 | 14 ~
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TAELE II

Composition Fe-41-TiG (hot pressed)

Sample Composition % . ) pproxX.®
to. | gambori~[reree-  Bitantin |z | m [
45 84 16 - 92 | 8 -
24 79 16 5 87 8 5
25 74 16 10 ez 8 10
26 69 16 15 77 | 8 115
27 64 16 20 72 8 20
28 59 16 25 67 8 25
29 54 16 30 62 g 30
30 49 16 35 57 8 35
46 80 20 - 9C 1C -
31 75 20 5 55 10 5
32 70 20 10 50 10 10
33 65 20 15 75 16 15
34 60 20 20 70 10 20
35 55 20 25 65 10 | 25
36 50 20 30 60 10 30
37 45 20 35 55 10 [ 35
47 76 24 - 83 12 |-
38 71 24 5 83 12 5
39 66 24 10 78 12 10
40 61 24 15 73 12 15
41 56 24 20 68 12 20
42 51 24 25 63 12 {25
43 46 24 30 58 12 | 30
44 41 24 35 5% 12 135
48 T2 28 - 86 14 -
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TABLE III

Composition Fe-Al-Tis-B

Samle Composition % Approx. %
" | e M ateminiun carmrae[FeT7 be a1 Jmsc] »
60 | 72 24 - 4 87,5 12| - |o,5
52 | 67 24 5 4 B2,50 12| 5 |o,5
53 | 62 24 10 4 77,5] 12{10 |0,5
54 | 57 | 24 15 s p2sl 12|15 |o,5
55 | s2 24 20 4 67,50 1220 |o,5
56 | 47 24 25 4 52,5 1225 [o0,5
57 | 42 24 30 4 57,5 1230 {o,5
58 | 37 24 35 4 P25 12|35 |o,5
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TABLE VII

Composition Fe-Al-TiC/Mo-C-B

Saggle Composition % Approx., %
e S atnsa Hosh | beren | 7o | 2 [Noe] ®
85 72 24 - 4 87,5 12 - 0,5
86 67 24 5 4 82,5 12 5 0,5
87 57 24 15 4 72,5 | 12 |15 1} 0,5
88 47 24 25 s e2,5] 12 |25 [0,5
89 37 24 35 4 52,5 12 35 0,5
90 68 28 - 4 85,5 14 - 0,5
91 63 28 5 4 80,5 14 5 0,5
92 53 28 15 4 70,5 | 14 |15 0,5
93 43 28 25 4 60,5 | 14 |25 | 0,5
94 33 28 35 4 50,5 14 35 0,5
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TABLE VIII

Composition Fe-41-TiC/VC-B

Sample Composition % Approx. #
No. Carbonyl}- “erro-| TiC/VC ¥erro- | po Al iC/V( B
iron aluminiun boron

95 72 24 - 4 87,5 12 - 0,5
96 67 24 5 4 82,5 12 5 0,5
97 57 24 15 4 72,5 12 15 0,5
98 47 24 25 4 62,5 12 25 0,5
99 37 24 35 4 52,5 12 | 35 0,5
100 68 28 - 4 85,5 14 - 0,5
101 63 28 5 4 80,5 14 5 0,5
102 53 28 15 4 70,5 14 15 0,5
103 43 28 25 4 60,5 14 1 25 0,
104 33 28 35 4 50,5 14 {35 0,5
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TABLE IX

Composition Fe—Al-TiC/CrBC2,9O/1O,-B

Srnuple Composition % Approx %
To. arbonyld Ferro- I‘iC/Crvc2 rerro- .. 41 Tic/ B
iron aluminiug o Luron ) - Cr3C2

128 T2 24 - 4 87,5 12 - 0,5
105 67 24 5 4 32,5 12 5 0,5
1C7 c7 24 15 4 72,5 12 15 C,5
108 A7 24 25 4 £2,5 12 25 0,5
100 37 24 35 4 52,5 12 35 0,5
110 68 28 - 4 85,5 14 - G,5
111 63 28 5 4 80,5 14 5 0,5
112 53 28 15 T 70,5 14 15 0,5
113 473 28 25 4 60,5 14 b 0,5
114 33 28 35 4 50,5 14 25 0,5
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TABLE X

Composition Fe-Al-TiC/CrBC?,BO/ZO,-B

Jample ?qmpositioq ot Apprpx. %

No. |zarbonyl|rerro- [ic/Cr.l.| Ferro- . TiC

iron 1 1ymi-iund . 27" voron Fe Al Y epaCo B
116 67 24 5 4 82,5 12 5 045
117 57 24 15 4 72,5 12 15 0,5
118 47 24 25 4 62,5 12 25 0,5
119 %7 24 35 4 52,5 12 35 045
120 68 28 - 4 85,5 14 - Q,5
121 63 28 5 4 80,5 14 5 0,5
122 53 78 15 4 70,5 14 15 0,5
123 43 28 25 4 60,5 | 14 25 | 0,5
124 33 2B 35 4 50,5 14 35 0,5
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81




G0 0% gfc 112 6t ¥ 0¢ 99 6T
60 62 G'¢ L2z sy ¥ &2 1L 0¢T
G‘o ce Gt¢ gtve L15 ¥ G2 9L 62T
6*0 6T Gt¢ 662 T*sS ¥ ST 18 82T
¢*o 0T Gt¢ ¢'lz 6'gs 4 0T 98 L2T
e 4 G'¢ 162 619 ¥ g 16 92T
6*0 - g'e L'og ¢*a9 4 - 96 621
g [%ofan/ott ad v ™ wozoq | 22%40/971 TVIN
=0II9g *oN
*xoxddy % u0oT3Tsodmo) 8Tdmss

A
a-*0t1/06"* uﬁno\uﬁauﬂ¢ﬁz uoT4isodmon

IX IEVL

WADC TR 55-24,3



) o< Cg L6 6496 b 0% ¢ 2461 AR 8cT
¢ a2 94z ¢fot 3403 1 62 9°¢ 546G g9t LET
G40 02 64 Tt 9473 ¥ o2 B¢ Tt2e n*os 9¢T
4o ¢t | 2% | s*tr G489 ¥ 6T AR 3462 2*¢G S¢T
G*c 01 Gty G2t ctel ¥ ot Gy 1T 6tog Vet
géo G s'y ¢t 9‘9L 14 q 8'y z*92 o] ¢eT
qfo - S A G608 14 - g 82 £9 2¢T
e | O en | ow | x| g3l [ofwo/ov gffen | ebuseq prwenses| .o
« *xoaddy % uotirsodumop mﬂmsm,.g

m-.OH\om.moano\oﬁauoz-Hq.wm UoT4Ts0TI0Y

IIX TIEvd

WADC TR 55-243



e | L6 '35 v 0% ¢e 26T iy
9'¢ 40T 309 1 Ge 9'c g glat
64¢ It 59 ¥ 0¢ 6'¢ T'z2 clog
2y 8¢1T 639 1% T 2ty 54¢2 gtec
Gty A ¢zl 4 0T A G2 gz
gy T¢T 93l | ¥ g gty z2%9z 09
S YT 508 ¥ - g 52 ¢9
- uoJgeq p.7.. - Lnuzp (urrutwnie UOIT
/OTL Ot 13 °d -oaxag V¥ A2/0% ~c Loy =-oaaag |-Tduoqasy
% *xoxddy % TI0T3T300we)

(psTTru 3am) m-.OH\om.mumno\oﬂauozaa4;mﬁ uotgrsodnog

ITIX FEVL

VADC TR 55-243




gL'o - b6l oSt - 0¢v 149 AR ity g8
¢L'o - 8'LL QLS - 06¢ 2's ovte a6t L
Lo - o‘gl oLz - 0%z pe¢ AL 2046 9
viLto - Gyl Q6L = 0Lt L i TAN 906 G
5L%0 - 66t GhL - 9¢1 0%t 0ctc 22'¢ b
52°'0 - Ll 2L = LilL 9‘0 2vts 8E°G ¢
tto - vice Ll = LCL §to v9's 664G 2
Lo Z ef1¢ 9¢1L - 82i L*e gL'y 29*s 6S
mao\mxﬁ 5. NEE\mx meﬁ\mx o porosjutrse | posgaaxd .
y3duaags 433u0a98 Ay mamaﬁm
roudur UOTAIBIUCTS] aTIsuay, SS9UpIEH BTBRUTIVG mao\m Rytsuwer >

(040067 aangeasdmey Fupasiurs) Hri~Tv-o4

AT Tigvy

gatqaodos ] TeOTISAUg

85

WADC TR 55-243




oL'o - 8'6 02¢ = 00¢ Gty oG oaaty G
0140 - Lt 082 - 0LZ L'¢ ¥0*¢c 19+ tl
oL‘o - ghiL 06z - 0¢2Z a9tz 60%S 0Lt <1
ZL'o - 9t 861 - t9l L' LLfq L6t 2l
gL'o - oGt LLL - 551 PeL fLég 90"y Lt
¥L'o - 861 Gt - &gl ztL 1S 91'¢ Ci
gz'o - 9'02 0ZL - OLlL ¢*o oréq ¢ty 6
¥to - 0‘0¢ 0¥L - 824 2tz 2a*s AR 6

wﬁo\wxa % mﬁs\mx mﬁs\mx % pInquIs | passodd

Y3 2uaas s y3Fuedss Ay oy

aTTIBUL] uctT1eduoT: aTIsSUa. S83UPIBH adexurayg mEo\w Ly13Uaq apdursg

moooomﬂ sangesadmny Fupasguia) QIL-Tv-24 Satiasdoad 1301sdud

AX T™VL

VADC TR 55-243



G¢to - t412 atL - 251 LYy ivis zZiLts L
i

6L'0 - 991 0s% - ot 2L £54G cety ze

¥L'o - z'6L 06¢ - 02¢€ 2¢c crte vt Lz

oL'o - 0's 1gL = 091 L'o o'y Gty 0e

010 - 9'g 691 -~ 461 60 03V 2Lt 61

€L0 - 6‘g Q6L = Gl ¢e oty g8y 51

gL‘0 - Lét 06l = O¥L L4C Luts L0*g L

020 - gt 9¢L - Y2t 0 gL'g GLs 9l

S0 - g'gz G9L - 041 gtz £94¢ 61°S 05
|IIMHNNM&E % mes\wx Naa\mx % palaquts| pessaad

q18usaJags yiduesaqs >m .MMGJ

aTTIRUI] uotreSuoTy aTTSUL E8aUPJIBYH adBiUTJIYG mEo\m La18uaq o1 S

muooomﬁ oangexsdimeg JUTI8iUTS) OTL=Tv=24 gorgaadoxg Trotedyg

IAY TTEVL

87

WADC TR 55-243



rLee - vral 094 - 0V¢ 9¢L LL*G 18t 8
G0 - Lot 08% - 06t Gl 646 B6*Y L
0¢*0 - ¢tez 0¢y =~ O0¥ 99 Go'G zo's 9
Lo - bisg 0S¢ - 0% ¢ty 40 90 ¢¢ 5
0z‘0 - afag gee - g2z [ 4 684G ge'ts 14
zz*'0 - Gtae 9¢L - azl 91 AR BLG <
1290) - G'az celL = Lit AN FL46 6t Z
Al Z Lse 261 - tZi ‘s A A 65
mﬁo\mxm + ,ha{@x mﬁ& JH % CGREBRI g pocgoxd
xpmcumﬂn www:mppm >m 0
jouduy UOTABIUCTI aTIsuaT gaupIty adeyuT Iy AU /3 Lytsuag aTdun

(040GET sangexsdusy Furanjutg) 9rr-Tv-og sergasdoag Trotshug

IIAX Flvd

WADC TR 55-24,3



L0 - ALY Qz9 = CCe 6ty £33 25ty 1
910 - IREAY 257 — VY piL 56'¢ 15°F v
AR - o' 262 =~ £432 ' 816 L'y <t
Lo - 0'Ey g2 - a2 Gt AR 16t Zi
GLo - Ligi Lit - 591 L2 1845 95*¢ L L
L0 - 2ol <Gy - oI z'e LE's Gi'9 o)
| ZAR - 6ice gy = 9%t Gt 96 ‘% 8¢°6 6
| 6£°0 - L*eg aGL - v 2t L6°S v 6v
wo /Iqu % wz /35 JEEMMM % roxojute| peecsaid
| mpmnmhpw ‘ ﬁm&ﬂoh@m R *OR
W jordug uoritiuerz aT13ual SEBUPIUL odEFULIUL nﬁu\m Ky1susg atdwse

nuoomﬁﬁ aanjegedmes Futasiulg) QIL-TY-8g sortzadoxd T=oT1s84ud

ITIAY JTdVd

WADC TR 55-243




- ttge el - <91 2*¢ vL's cL'c LS
- 2 ig 029 - 0864 9*L L¥*G ety ce
- gl¢e 0%a - 0¢6 94z 8¢ vhit L2
- 992 0¢Yy = aodv ¢l 2,05 GGty 02
- viee gve - 62¢ 6y GL'G L't 6l
- gtle GlLe - Z2ve 'y LG46 go‘y 81
- ¢'gl Lol = LLL ¢tz ov's 10*S L
- 2'zz | 4fL - 971 34 AR qaLts 91
- 0‘ze LLL = 591 9¢¢ 9a°q Y 0%
P SWuL /Uy WU/ - poJoquic] poussad
yiduoais v by *ON
uworquluc I GTISUD,, SGDUPIGH SGOEAUTA WG mEo\m Rqtsuag maaﬁwm

mooomﬁa sany2aadusq FOrasqurey ALL-Tv-97 ssrjaadoxy teorefygy

XIX ITHEVL

90

WADC TR 55-243



g8L'o - Gty Pr6-L26 6L Gg's 28ty 8¢
0z'0 - 0toe 96t-1et ) 1946 A 4 LS
12'o - ¢tz QLy=L6< L9 LLés QL'Yy 96
22'0 - 5t9z LOb-68¢ 86 9L%¢ L'y s
€20 - g‘ze 84¢=v2¢ 2's 6L'S 68*Y 14

6z o = z'Lle Lee-ves gty €6'¢ 90°*¢ %5
10 - L'62 882-6LZ 'y £0'9 FRge 2s
veto - vieg 882 8t 1¥¢9 €2*s 09

swwwmwwm o nmmhmmwwm mﬁs\mm s PaIauUIS passaad ox

jowduwy uot1uduo s aTTSsuay ESUDPIEH sduyurain mEo\m Ly ysuag a1dweg

(09,0521 aanieasdmag Furaajulsy) g=-911-T1y-94 s2tjaedoag reotsfiug

b o QECEILAR

9a

WADC TR 55-243



v10 - 691 Lib-v6¢ 64v ey ¢ty a9
6140 - sl L8¥-vav 6‘g gL's Lety L9
1o - c'ee 12750814 5% 6€tq 2g't 99
¢zto - 0*se LLg~L9¢ &Y 1A AR 69°7Y &9
92*0 - 662 88z-tLe ety LY*S rgty 9
Leto - L'Le z292~¥6z L 1278 L'y €9
zzto - ¢‘ee tbe-1¢2 L'c L9*g 004 29
9¢°‘0 - 9°6¢ 882-6L2 9 6L'S 9% t9
avbrrs % af et Ay ¥ pedoguis| possaid| oy
4aeduy uotgsFuoIq aTTsua, 289UpJIBH aFexuTIyug mao\w Lqtsusg | s1dung

muooowﬁ sanjersdmes FUTIIULG) d-9TL=-I0-Tv-og4 soTiaedoxd TeoTsiug

XX THEvL

WADG TR 55-243



'
|

§0‘0 - Lt 8¢2-2¢2 0‘1 2a'y Lyt 9L
9040 - ¢y GoZ-t81L L't 69t 85ty QL
Lo'0 - 'y GGL-9¢1 L*0 08*y 9Lty vL
600 - 2'a LLi=6%1 60 Go'Y 26'Y gL
Lo - v'g 6¥L=-Gti v40 Lo's yo‘s 2L
ZLto - AL 9¢L-BECL €40 0gts 02's 1L
GL'o - g1l 9Li=¢tl ¢'0 9¢4g eets oL
heo - L‘¢z Z¥i-9ct 9'Y 619 Zhts 69
Ao | % whicgs | CHPL g fpesowwss] possaxa| oy
1oeduy uo 1 BFU0 13 aTIsuay 289UPUBY s¥equUTIYZ mso\m Ly18ue; | eTdmes

(0,002T 2anzexsdmey FUTIALRULS) g=OFI-T1Y-10-84 S8T4I0doad |-oTsAYg

ITYX VI

WADC R 55-243



80°0 - gt¢ - T'¢ al'y Lty 9L
910 - z2'9 092 - 062 62 =18 09y 5L
Lo*0o - 9'g 0¢z - 012 2't 68y LL*Y 7
ot'o - 46 §22 =~ 022 2% 2046 267 ¢l
IT‘0 - Q1T 6Tz - 002 €0 80°¢ Lo's 2.
9T‘0 - 9Lt 061 ~ 08T ‘T 1S AT vz¢s 1.
£T*0 - itz 0LT - 09T 61 L84S 9¢*s 0.
2940 ¢ géz¢ 06T - 08T 846 06°g Lyts 69
T seaad
Nao\wxa . Naa\wx mﬂa\mx y poJI2quiq posEsa vox
Uaduasass usduaale Ay
qo08dmT uot3rIUCTH 8TISuUs] S83UpPIBH afequTIyYQ mao\w Ay1suac aTdwe"

mooooma sangeladureg Futasqulg) g-oTL-Ty-JI9~3f soriaadolg reotrsiug

IINX 7igvy

WADC TR 55-243



1tto - GleT oty ~ 09¢ v's 89°G 89'Y 8
810 - 2'sT clLz =~ §¥2 ¢ty oL*S re'y 42
6T‘0 - €461 062 ~ o¥e 6‘¢ 8L'S qa0‘s Z8
¢T‘0 - 9°TT G¥z = 92 vte 9L*S 02's 18
gT'0 - ‘6 29T -~ 6¥T o't L*g 97*s 0E
¢e‘o - AR 96T = LT 9‘t 88°S 8946 L
2L'o - 2'61 8¢T - 921 62 ¢cts ag*s 8l
.BL'2 1 'Lz gsT ~ G¥l 'y 1849 ¥0°9 LL
2ud /FNm % Naa\mx Nﬁa>wx % @m.H.m. wcﬂw- possaxd]
q33usdys Yyi1dusais H ‘on
10BiWT uotjesuors aTIsULy S82UpPITH afexutayun mao\m Ly 1sUusqg atdmeg

(09,0021 amyeredmes Burrequrg) g-OTL~a0-TN-21 seTjaedoay 1301efug

AIXX T18VL

WADG TR 55-243



L2'o - 9T 089 = 099 8‘sg 864G 2z't 143
c¢'o - 0‘6e 0TS = 06V $'g 8¢ L'y €6
%o - L*Ye ozy - otY 8L 00°9 L9y 26
" 890 - ctzy OLg = &6¢ 9‘L ze‘9 L8'Y 6
18 200) - L*og Sve - og¢ StL Pyt 00‘¢ 06
9z%0 - 9461 409 ~ 064 AN 0L 62y 68
0¢'0 - 682 ey - 2T¥ 9¢L 08°¢ 2 4 28
S¢‘0 - T'‘s2 ZLE = 59¢ 0'L 36445 YA L%
™6 - o'z 89¢ - 0S¢ P 9¢‘9 $0*s 93
62'0 - gfcy gle = 162 2's Qcto rA R g
mso\mxs % mHE\ux mﬁﬁ\mx % paI93uUTS pesssad
qidusags yiduagls Ay oM
3oudu] uoT3BRIUCTY CRRirEN 88aUpPIBY BFLIUTIUG mﬁo\m A1Tsuaq atdmwg

(0,0821 sanjededwes Furaesuis) g-9ooW/9rl~1v-od sorgasdosd Tsovsiyg

AXX' ITHVL

WADC TR 55-243




02'0 - €8t 0£9 = 0T9 0‘6 £ss LO‘Y 176}
82‘0 - n'oc 01s - C8¥ 9's gL's €'Y £0T
6240 - g6z 0tt - 08¢ 9¢L 96°*¢ LSy 20T
Ls'o - g°9¢ 0LE = 06¢ 1) 82‘9 98*Y 10T
ot‘o - 1A C&¢ = 02¢ 0L 29 £0°S 00T
LT*0 - 8°9T 019 = 0. ¢*6 09°¢ 'y 66
020 - 0‘¢e 09¥ = ovy 6L GL*S vy 86
6140 - 622 oetY = 00% 69 G0*9 'Y 18
¢eto - 0*Lg ove = 0T1¢ TL ¢et3 00°s 96
¢eto - Gicy 00¢ = 082 L9 €69 AR <6
s lossascd

e e 0

1ovdumy uot3BIUCTE aTTsuay S8oUpJIBH sFeNuTIYQ mao\m %pwmﬁmm mHmEmML

(90,0621 sanjeaadwes JUpdelurs) g-0A/OTL~1V-94 setqaadosg (eoTedug

TAXX TEVL

WADC TR 55-243



8T‘0 - €*LT ovg - 028 9'g 65'6 | st'v | vit
820 - 2'se LS - 6s¢ S'g ¢s's | octv | ¢t
4 M - 2¢e 09¥ = ¥t L'L 60*9 19%% 21T
€9'0 - o‘or £6¢ ~ 08¢ gL 2£*9 Lety 11T
[ Ak¢ -- Gve Sye - 9¢¢ 69 ¢vég 96*" OTT
6T‘o -- 212 OLL = 06. ‘6 vL'G AR 60T
2z2'o -- 98T 0§S = OF¢ 9's v6*s 2a'vy 80T
£cto -~ 0°¢¢ g6 ~ Gl 6°L 80°9 LL*Y Lo%
070 -~ v49¢ P9¢ - 0S¢ S'L cr'9 | cots | sot
9¢‘0 —= Gtzy 8ve ~ 9%L¢ 6'9 96‘9 g1's 501
Amwmmwmw 5 nmwwwwmm NEE\mx " pparojurs Wommmh@ o
3oudmy uotasduoTy BTTBUS] §59UDIBYH adsyutayg mEo\m Li1suag Jatduen

(89,0621 sanjexedme; Burasiurg) g-0T/06 *Cofan/ori-Tv-o4 setqasdoag Teotsfug

ITAXX g7gvy

VADC TR 55-243



60°0 - 101 alz = 6ve £'c 967 LT'Y ¥zl
LTt0 - G6T ove - 0Z¢ s's 0zt vty €71
vro - 1'62 0z¢ - OT% g's 864 | 68'Y 22T
090 - ¢'sg ove - o2¢ 73 q0‘9 ety 121
2s‘o - ¢tLe | ove = 0%¢ 649 629 00°% 021
60%0 - T¢T ~ OTv = 08S 6'S 6346 02ty €11
8L'C - G*1e 00y = 08¢ G's 7¢'4 nety 21T
120 - g*sz 06e = OLg z's 19°¢ SL'y L1
Lefe - 9tce G¥e - Ggg 66 T1'9 z0'¢ 31T
crto - Gty 0¢f = 062 v¢3 6v*9 cT'c 61T
mao\muﬁ man\mx Nﬁﬂ\mx vdasqurs pacssadd .
ysBusays % y3duaass Ay i ON
poBdly uotjeduoTd aTIBUS, B83UDIEYH 9dBUTIUYG wo /8 £31susg ardusg

(040621 eangeredmey 3urzeiuis) g-0Z/08 .wumHU\oﬁe-anmh geTgaedoad TeoTsAUg

IIIAx TIEVL

99

VADC TR 55-243



sTto - 8'12 085046 ‘s 26‘s Lyt Gy T
aT1'o - 6'8T 0rS=0T9 8L 09 as'y LiT
12'0 - ¢fte 08Y=03Y 9¢L 0T*9 vo‘vy 9¢T
2z'o - 61 09¥=07¥ 6L 12'9 2L'% a:T
9¢‘0 - 6'2¢ 0L¥=0T¥ ctL 29 8% 135
TL¢0 - vile OTY-06¢ 9¢L ov‘9 ve'ty €et
Ls‘0 - 9‘0¥ 09£-0¢¢ 6°L A 00°S 2:1
mso\mxa % ZmE /I mEE\mx % polajutrs | passaad .
yjduaxys |, Yirdusasgs >m Ok
oudug uoct3eIUOTH aTrsual SEUpPIB]] sdvuTIyY mso\m LaTsuag aTdueg

m-oﬁ\om.momnu\uﬂa-ozuﬁ<roh sattaedoad Teot18Lyg

XIXX TV

100

VADC TR 55-243



910 - L'¥e 025-06¥ 61T 9L's 26°¢ GPT
Y10 - vige 06v-08¥ 0‘2T sg's ve'g 1421
81’0 - 892 08¥~09% 12T ¥6°s €Oty nS
92°0 - T°9¢ 09¥-05 7 vzt ot‘9 ot't Zvl
620 - €62 ovv~02t 7T Gt'9 AR 1A
9¢0 - LéTv 02¥=06¢ 2t £*9 T2V ovT
ov‘o - LSy 0TYy=-06¢ 1A¢ 629 62t 6¢T
uao\wxs % NEE\mx mas\mx % paaajutls| pagsaxd .
yjdusays y3dusaye Ay oK
roeduy uoct3BeIUOTY aTIsUaj s8auUpIBY adeyutIyg mau\m £11suag atdusg

(PaTITW 35M) m-OH\om.Nomnu\oﬁa-oz-ﬂ4:mh sotpzaadoad Teopsdug

XX THYL

i) |

WADC TR 55-243



