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ABSTRACT

A preliminary study of the scaling characteristics in air of
experimentally produced titanium and titanium-base alloys, and com-
mercially-produced titanium and titanium-base alloys was conducted
at temperatures of 1200%, 1400°, 1600°, and 1800° F. (650°, 760°,
870°, and 980° C.) in the time range of approximately four to three hun-
dred hours. A total of forty-three titanium-base alloys, one commer-
cial grade of titanium (RS-70}, and Type 302 stainless steel were scaled
at each of these temperatures; two additional alloys were employed at
termnperatures of 1200° and 1600° F. Scales formed on a 4. 02% Al-Ti
alloy were studied in detail and a scaling mechanism was suggested;
scales formed on a 4. 03% Cr-Ti alloy and a 2. 95% W -Ti alloy were
studied in less detail. Scaling propensity of titanium-base alloys, rel-
ative to titanium and stainless steel, was evaluated on the basis of
weight gain with time. Attempts to evaluate scaling propensity on the
basis of weight loss with time, through the application of various de-
scaling processes, were unsuccessful; however, results of essentially
the same nature were obtained in terms of inches penetration of oxide
scale. Isothermal transitions in the parabolic scaling rate were ob-
served for experimentally-produced titanium at 1200°F.; transitions
were observed, but not studied in detail, for 3.96% Mo-Ti at 1400°F, ,
1.19% Mo-Ti at 1600°F., and 0.91% Ni-Ti at 1600°F.; transitions were
indicated, but not studied in detail, for experimentally-produced tita-
nium at 1800°F.
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I. INTRODUCTION

The recent development of titanium as a commercial engineer-
ing material has stimulated a considerable amount of research. Tita-
nium alloys pogsess many desirable characteristics, two of which are
outstanding. At temperatures up to 800°F., titanium alloys have a
greater strength-weight ratio than any other common metal or alloy.
Titanium is practically non-corrosive in all ordinary situations, and‘in
many extraordinary ones. The development of titanium technology has
been markedly accelerated because of the possibility of utilizing it in
component parts of aviation gas turbines and other aircraft applications,
The developrnent of alloys with good resistance to scaling at moderate-
ly high temperatures is one prerequisite to the large scale use of tita-
nium in jet engines,

II. OBJECT AND SCOPE OF INVESTIGATION

The objectives of this research were to investigate and study
the scaling phenomena of titanium and titanium alloys and to develop ti-
tanium-base alloys of high scale resistance. The alloying elements
which were investigated include: copper, aluminum, silicon, vanadium,
columbium, tantalum, chromium, molybdenum, tungsten, manganese,
iron, nickel, and carbon. The investigation was first conducted on bi-
nary compositions and later on ternary and commercial alloys.

The investigation also included attempts to develop a technique
for descaling and determining weight loss of the specimens after descal-
ing, and the study of the progress of scaling on one outstanding alloy.

IIl. PREPARATION OF TEST SPECIMENS

A Arc Mel ting

The arc-melting furnace consists of the following ~ompo-
nents: a jacket, head, electrode {tungsten), and a copper crucible,
all of which are water cooled. (See Figures 1 and 2), Power is
supplied to the furnace by three Hobart 400 ampere motor-genera-
tor units.

The arc-melting procedure being utilized is as follows:

1. 0.151b. of the initial charge is placed in the crucible;
the balance of the charge is placed in the charging bot-
tle.

2. The system is sealed and evacuated to a pressure of
approximately 10 to 5 microns.

WADC 54-109 1



Fige 1 Arc-melting furnace and auxiliary equipment, inclusive
of power source,
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The system is flushed with argon for five minutes.

The system is again evacuated to approximately 10 to
5 microns pressure.

The system is flushed with argon for about two minutes.

The motor-generators are started and the arc is struck
by lowering the electrode; a potential of 25 to 30 volts
and a current of 480 to 540 amperes is used for melt-
ing.

The charge is added over a period of from 15 to 25
minutes

The ingot is allowed to cool for ten minutes before the
system is opened to the atmosphere and the ingot re-
moved.

B. Fabrication of Ti and Ti Alloy Specimens

The operations which are employed in producing finally
prepared specimens of titanium and titanium-base alloys are as

follows:
1.

2.

9.

WADC 54-109

Arc melt sponge plus alloy addition.

Forge ingot {upsetting in three directions) at tempera-
tures ranging from 17509F, to 2300°F.

Sand blast forging.

Shear forging to approximately 1/8 inch cubes {the forg-
ing is usually about 1/8 inch thick).

Remelt.

Reforge in same manner as previously.

Radiograph (If the radiograph indicates that the forging
is not homogeneous, it is remelted and forged until ho-
mogeneous before processing further, )

Machine sides and bottom of ingot if necessary (in order
to remove any cold shuts and unmelted particles which
otherwise would contribute to surface defects and dis-

continuities in the forged product).

Reforge in same manner as previously,
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10. Sand blast and grind faces and edges of forging.

11. Cut forging (approximate dimensions 10" x 3" x 1/8')
into strips of approximate dimensions 1-1/16" x 3"
x 1/8" with a radial cut-off wheel (using a soluble oil
type coolant).

12. Roll strips (at 1450°F.) to approximate dimensions 8"
x 1-1/16' x 0, 060",

13. Cut strips to a length slightly in excess of 2" and pre-
cision grind to final specimen dimensions of 1'* x 2"
x approximately 0. 050",

14. Stress relieve in a partial vacuum (-100 microns Hg)
at 1000°F, for one hour, (Specimens are inserted in
a ceramic sleeve of circular cross section which per-
mits only the edges of the specimens to attain intimate
contact with the sleeve wall; the sleeve, in turn, is
inserted in a stainless steel tube which is subsequent-
ly evacuated).

Figure 3 shows the raw materials and the intermediate and fi-
nal products in the production of specimens for scaling tests. The
various steps are: A, sponge titanium; B, chips of forging for re-
melting; C, arc-melted ingot; D, forging; E, strips cut from fi-
nal forging; F, hot-rolled strips; and G, finished specimens.

C. Analytical Results

The concentration of alloying elements in the binary, terna-
ry, and commercial alloys employed in scaling tests is shown in Ta-
bles 1, 4 and 7 respectively.

Considerable difficulty has been encountered in attempts
to determine the concentration of tungsten present as a contaminant
in arc-melted titanium and titanium-base alloys. An analytical
procedure described in a report of the Battelle Memeorial Institute
was employed initially in the determination of this impurity. How -
ever, the results generally were of such a large order of magnitude
that it appeared doubt ful that they were representative. Accord-
ingly, a2 number of samples from alloys previously employed were
submitted to a commercial laboratory where they were analyzed
spectrographically for tungsten. In almost every instance these
results indicated a considerably lesser degree of contamination than
was obtained with the previous procedure. Results obtained by the
Battelle procedure were greater than those obtained spectrograph-
ically by factors up to 10.

Subsequently, the Battelle procedure was modified by em-
pioying standards in the form of solutions of known tungsten

WADC 54-109 5
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concentration along with solutions of alloy samples containing un-
known quantities of tungsten. Ultimately, a carefully prepared cor-
rection curve was obtained and is currently being used in conjunc-
tion with the Battelle procedure. If this procedure proves to be
unsatisfactory, all samples will be analyzed spectrographically.

Iv. TEST EQUIPMENT

Scaling Furnace

The descriptign of the scaling furnace, based on a furnace used
used by Day and Smith?, is as follows:

An annular muffle comprises two concentrically positioned re-
fractory cores on which are mounted Nichrome -V windings. The cores
with their windings facing the heating chamber constitute the vertical
walls of the muffle. The top and bottom of the heating chamber are
bounded by plates of heat resistant steel which constitute the horizontal
walls of the muffle. The specimens to be scaled are suspended from
the furnace top by Nichrome ribbons. The top is mounted on a vertical
shaft located in the center of the furnace and is slowly rotated by means
of a geared, motor driven mechanism. This arrangement insures that
the specimens will be maintained at reasonably constant temperatures,
up to a maximum of 2000°9F., for sustained periods of operation (See
Figs. 4 and 6).

Desiccated and metered air is furnished to the heating chamber
by a variable capacity blower. Frior to its introduction to the heating
chamber the air is preheated to approximately 500°F. Preheating is
accomplished by passing the air through about 35 feet of resistance
heated Nichrome -V tubing (See Fig. 5).

The temperature of the furnace is regulated by thermocouple
included in the circuit of a controlling-recording potentiometer. Sev-
eral symmetrically positioned thermocouples also are included in the
circuit and serve as a check on temperature distribution throughout the
furnace as a whole.

An analytical balance mounted above the furnace provides a
means of determining the weight change of specimens without entailing
their removal from the furnace. The furnace top is indexed in order
to facilitate rapid identification of the specimens just prior to weigh-
ing.

The furnace top is made of a heat resistant steel, perforated
to decrease its weight, to which are attached two concentrically posi-
tioned strips of the same material located so that they project perpen-
dicularly to the plane of the larger section. Xach of these projections
is located near the bottom and in the center of troughs of '"U" shaped
cross section which are in turn attached to the horizontal retaining wall

WADC 54-109 7



Fige 4 View of assembled scaling furnace showing rotating top
and balance.

WADC 54-109 8



Figs 5 View showing Details of Preheat Furnace and Its
Auxiliary Equipment
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Fige 6 View looking down on scaling furnace showing level of
annulus directly above that of the heating chamber,
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of the furnace proper. Originally, it was intended that the troughs be
filled with sand in order to provide a thermal seal; however, the baffling
effect of the projection-trough arrangement made it unnecessary to fur-
ther restrict heat losses. The furnace top accommodates conically
shaped plugs, split and grooved along their vertical axes. The grooves
of the plugs are just large enough to admit lengths of Nichrome-V rib-
bon by which the specimens are suspended. The split plugs are re-
moved just before the specimens are introduced into the furnace and,
subsequently, just before weighing the specimens. Afterwards they
are replaced in order to hold the ribbons in place and to reduce heat
losses. In order to insure an excess of air of constant low moisture
content in the furnace, an air cooled pump rated at 3.3 cubic feet per
minute is employed in conjunction with a desiccating agent such as sili-
ca gel containing a cobalt indicator. A Fisher and Porter flow meter
permits measurement of the quantity of air introduced.

The refractory bricks required for the scaling furnace are not
of standard size and could be obtained only by cutting standard sized
bricks or by molding bricks to the desired dimensions. The latter meth-
od was adopted and four collapsible molds were constructed for use with
Harbison Walker' s HW -85 Lightweight Castable. This material is hy-
draulic setting, can be removed from the mold in 12 hours, and requires
a period of 24 additional hours for setting.

The power source for the resistance heating of 35 feet of Ni-
chrome -V tubing consists of a transformer of 6.4 KVA, 2.30-32/4 volts,
possessing a secondary capacity of 200 amperes at all voltage taps.
Thirty-six steps of input are provided between 32 and 4 volts.

The power source employed to heat the Nichrome-V wire ele -
ments of the furnace consists of 2 transformer of 36.62 KVA, 230-
18.3/10.57 volts, and a secondary capacity of 200 amperes at all voltage
taps. Seventy-two steps of input are provided between 183.1 and 10. 5
volts.

The temperature calibration of the scaling furnace is carried
out in the following manner: prior to introducing the specimens to the
furnace couple No. 1, utilized for controlling the temperature with -
in the hot zone, is positioned approximately 1/2 inch below the
level to be occupied by the lower edge of the rotating specimens
during the scaling test. Thermocouple No. 2 is raised to a
level corresponding to that of the center of the specimens. After the
furnace has been allowed to heat for a period of time necessary to insure
the attainment of thermal equilibrium the temperatures indicated by the
two thermocouples are observed. The temperature indicated by ther-
mocouple No. 2 is then adjusted to correspond to the desired tempera-
ture. The latter process is accomplished by placing the respective
thermocouples in the controlling circuit in such rapid succession that the
two readings are obtained almost simultaneously. Four toggle switches
facilitate the rapid introduction of any of the four thermocouples to the
thermocouple circuit. After several temperature readings for each

WADC 54-109 11



thermocouple are observed and the relationship between dissimilarly
positioned thermocouples established thermocouple No. 2 is lowered be-
low the level to be occupied by the lower edge of the specimens in order
to avoid contact between the two during subsequent rotation of the lat-
ter. Thermocouple No. 1 is then made to control at the temperature
corresponding to the desired temperature Previously indicated ty ther-
mocouple No. 2.

The temperature calibration of the pre-heat furnace is of con-
siderably less critical nature than that of the scaling furnace, since the
small quantity of air produced by the air pump produces a negligible ef-
fect on the temperature of the hot zone of the scaling furnace. This
procedure is not repeated before each scaling test as is the case for the
temperature calibration of the scaling furnace., Data representative of
the performance of the pre-heat furnace are as follows:

Approximate
Heating Power {Watts) Flow Rate
Heating Coil Coil Delivered to Temp. of Temp.of of Air
Amperage ~ Voltage Heating Coil  Coil{9F.) Air(OF.) (C.F.M.)l
150 17 2550 1083 110 1.1
150 17 2550 1734 465 2.2
150 17 2550 1707 520 3.3
130 14 1820 ——— 300 1.7

Original calculations pPertaining to the performance of the pre-
heat furnace were based on an empﬁ-icaol Tguation s hD/k « 1. 86 {(Re)
1/3 x(Pr) 1/3 x (D/L) 1/3 x (Mm/Mg) U. 1%

h » heat transfer coefficient (B, T. U. /hr, /ft. 2/°F. )
D diameter (ft.)
k thermal conductivity (B. T. U. /hr. /ft. /°F. )
Re Reynolds number
Pr Prandtl number
L length (ft. )
Mm dynamic viscosity of the liquid at temperature tm
{pound - hr. /fb.z}
$ same at mean surface temperature ts

Since this equation is intended for use in conjunction with stream-
line flow in pipes with viscous liquids (specifically, petroleum oils) its
application to the problem of streamline flow in pipes with gas (air

I. When air was passed through silica gel the effect of this obstruction
caused the maximum flow rate to be reduced from 3.3 to 1.7 cu ft/
min,

WADC 54-109 12



supplied from the pre-heat furnace to the scaling furnace), is not com-
pletely satisfactory. For example: heat transfer calculation which in-
dicated that the pre-heat furnace would raise the temperature of air,

at flow rates up to 3.3 cu ft/min, to approximately 1000°F, resulted in
the attainment of temperatures only one-half as high despite the fact
that the initial calculated wattage requirements were doubled in order
to insure that the desired performance would be realized. The indicat-
ed temperatures were achieved only after the installation of a spring-
type turbulator throughout the entire length of the coil of the pre-heat
furnace.

The pre-heat furnace is consistently regulated for each scal-
ing test as follows: the current input to the furnace is adjusted to 130
amperes, the air pump to full capacity (1.7 cu ft/min) and the furnace
allowed to heat for approximately 4 hours. Just prior to the time the
specimens are inserted in the furnace, a cartridge containing approxi-
mately 50 pounds of silica gel is inserted in the air line. The silica
gel is used for approximately 150 hours after which the cartridge con-
taining the spent material is removed from the line and placed in a
regenerator maintained at 300°F. A fresh cartridge is placed in the
line immediately with the result that the air is continually dried to the
same extent (approximately 0.7 grain per cubic foot, or less than 5%
moisture).

WADC 54-109 13



Y. DISCUSSION OF EXPERIMENTAL RESULTS

A, Scaling Data and Results

The relationship between weight increase per unit area and
time for the various alloys investigated is shown graphically in Fig-
ures 7-12, 27-30%, 31-34%, 35-38%, 39-42%, and 43-46%, An ag-
gregate of curves consisting respectively of:

(1) experimentally-produced binary titanium-base alloys;
(2) experimentally-produced ternary titanium-base alloys;
(3) commercial grades of titanium-base alloys;

(4) experimentally-produced and commercial grades of titanium, is
shown for each of the temperatures 1200°, 1400°, 1600° and 1800°
¥, Conparisons essentially were drawn between aggregates of
curves as units, rather than between individual curves of any par-
ticular group. Also included is an aggregate of curves consisting
of the more scaling resistant titanium and titanium-base alloys re-
ferred to above, plus stainless steel (Figs. 12 and 43 -40%),

1. Experimental Binary Titanium-base Alloys

The experimental binary titanium alloys referred to above in-
clude alloys containing aluminum, chromium, columbium, copper,
iron, manganese, molybdenum, nickel, silicon, tantalum, tungsten,
and vanadium. Specific compositions of these alloys are given in
Table 1.

Of the binary alloys investigated, alloys containing Cb, Ta, W,
Si, Mo, and Al were generally more resistant to scaling’than unal-
loyed titanium; alloys containing Cr, Mn, Fe, Cu, Ni, and V were
generally less resistant to scaling than unalloyed titanium (See
Figs, 7-8 and 27-30%).

As the testing temperature was increased the difference in
the slope of the curves became more pronounced and the scaling
rate of all the alloys increased; however, the rate of increase of
the alloys was less than that for unalloyed titanium.

The relationship between weight increase and time for these
binary alloys was of an exponential nature. The indication of a
transition in the scaling rate was observed in only three instances;
one at 1400°F. (Figs. 7 and 23) and two at 1600°F, (Figs. 8 and
29). In each case after the transition the rate of scale formation

*An asterisk following a Figure or Table Number denotes that those
Figures or Tables are located in the appendix.
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was increased.

The alloys which showed the greatest resistance to scal-
ing at the four testing temperatures were: 1200°F., 3.28% Al-Ti;
1400°F., 3.69% Si-Ti; 1600°F., 4.38% Ta-Ti and 4. 45% Cb-Ti;
and 1800°F., 1.03% Si-Ti. See Tables 2 and 3 for the relative
scaling resistance of the alloys in this group at each of the testing
temperatures,

WADC 54-109, 15



L 91d

4o 0081'0091'00%!'0021 1V
SAQOTIV AHVNIG d0d4 JWIL 40 NOILONNd VvV SV V3IHVY YNIDHO LINN Y3d ISVIYUONI LHOIIM

SHAOH — IWIL

oQ o_ n. 8, oom 3 m oom 00l of
LI IS I R B B T T T 1 re T LI BN p o T T L LI L B | T I'q T T TTTrrrr 1 71 T

1
I

{"Ds 2 2BE) {3, 1'128) "D.008L) 1 {0, HBTY) .
4.0081 4a0091 3,001 4. 0021

i |

1

L

]

o :..:.5\
B

JRLEAN

ol iz
[ S [reye

LR re

rec

| T

1l
=3
2
5 -

T |

L

(el

M2 H3d OW - 3ISVIHINI  LHOIZM

WADC 54-109



SAOTIV AMVYNIG HO4 3WIL 40 NOILONNS vV SV V3IAHY TIYNIOIHO LINN

8 old
4, 0081°'009}'00%i ‘002!

SYNOH — JWIL

1v

d3d 3JSY3HONI

LHOIEM

Q01 al v e o al cee ikl Z 005 ool Sl
TFTT T T T T TTT T o T FITT T T T 7 ! to 7T T TTTTT 17 1771 I rTrrrTr T ] re IR ITTTT 77T T |
. — . — o~ 1 {2,98+9) -
12,2°296) [ NTEN 0,0092) e
"4,0081 14,0081 4,00%1 4,002t
“ N IL-PUCET
n I enene |
o o1 =
| -
1L NOREED ]
[T ]
e .
LY. -
ILaomeas
ILtowse o _
el n - n |
T uansar . . ]
—oot ~Joor =

(2}

=

Q01

LHSIIm

WD H3d 9N — 3JEVIHONI

7

WADC 54-109



TABLE 1

CHEMICAL COMPOSITION OF BINARY TITANIUM-BASE ALLOYS

Heat No. Intended Composition Analysisg* Alloying
Percent Percent Element

110-R ' 4 4,48 Alaminum

25 4 3.28 Aluminum

37 1 1.21 Aluminum

42-R1%* % 4 2.95 Tungsten

40 1 1.13 Tungsten

49 4 4,13 Nickel

44 1 0.91 Nickel

43 4 4,03 Chromium

47 1 1. 05 Chromium

45 4 4.11 Manganese

46 1 1. 27 Manganese

51 4 3.76 Iron

48 1 0.93 Iron

54 4 3.34 Copper

100-R 1 0.95 Copper

71 4 3.88 Vanadium

53 1 0. 84 Vanadium

58-R3 4 4,37 Tantalum

63-R2 1 0.54 Tantalum

59-R2 4 3.96 Molybdenum

61-R2 1 1. 19 Molybdenum

101-R3 1 1.23 Molybdenum

79 4 3.69 Silicon

67 1 1.03 Silicon

77-R3 4 4,45 Columbium

81-R3 1 1. 00 Columbium

* Average analysis of two representative samples obtained from the
final forging.
*% The designation "R' denotes three melting and forging operations;
"R1", four, etc,
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TABLE 2
RELATIVE SCALING PROPENSITY OF BINARY ALLOYS AT 1200°
AND 1400°F,

EXPOSURE TIME - 48 HOURS

1200°F, 1400°F.
Compoasition Av. Total Wt. Composition Av., Total Wt,
of Specimens Increase {mg. ) of Specimens Increase {mg. )
{Weight per Per Av. Orig. (Weight per Per Av. Orig.
cent) Unit Area {cm. 2) cent) Unit Area (cm.z)
Relative to Relative to
Ti = 100% Ti = 100%
3.28% Al 52.2 3.69% Si 26.1
1.19% Mo 53.6 2.95% W 41.3
1.03% Si 53.6 1.19% Mo 43,5
2.95% W 57.1 1.03% Si 43,5
3.69% Si 57.1 4,45% Ch 47. 8
4% Cb 60,7 4,.37% Ta 54,3
4.37% Ta 64.3 1.00% Cb 63.0
1,13% W 67.8 0.54% Ta 67.4
1.21% Al 75.0 3.28% Al 73.9
1% Cb 82.1 3.96% Mo 76. 1
3.34% Cu 82.1 1.13% W 82.6
0.54% Ta 85.7 T 100.0
0.93% Fe 89.2 3. 34% Cu 100.9
4,13% Ni 89,2 4,13% Ni 117. 4
1.27% Mn 92,8 1.27% Mn 150. 0
0.84% V 92.8 0.93% Fe 152, 2
T1 100.0 3.88% V 160.9
¢.91I% Ni 1043 0.91% Ni 163.0
4.11% Mn 132.1 1.21% Al 178, 3
3,.76% Fe 142.8 0.84% V 187.0
4% v 160. 7 4.11% Mn 189.1
1% Cu 257.1 3.76% Fe 197, 8
1.05% Cr 285.7 1% Cu 241.3
4.03% Cr 508.7 1.05% Cr 619.6
4.03% Cr 956.5
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TABLE 3

RELATIVE SCALING PROPENSITY OF BINARY ALLOYS AT
1600° AND 1800°F.

EXPOSURE TIME - 48 HOURS

1600°F, 1800°F,
Composition Av, Total Wt. Composition Av, Total Wt,
of Specimens Increase (mg. ) of Specimens  Increase {mg. )
(Weight per Per Av. Orig. (Weight per Per Av. Orig.
cent) Unit Area (cm?) cent} Unit Area (cm. &)
Relative to Relative to
Ti = 100% Tie 100%
4,37% Ta 24 4 1.03% Si 17.8
4.45% Cb -25.3 4.45% Cb 21,1
2.95% W 30.4 4,37% Ta 22,8
3.69% Si 35,1 2.95% W 42.3
1.03% Si 37.8 3.69% Si 43,6
1. 00% Cb 47.8 0.54% Ta 49. 4
0.54% Ta 51.1 1.00% Cb 49,9
3.28% Al 71.6 1.13% W 56.4
1.19% Mo 72.2 1.19% Mo 61.0
3.34% Cu 80. 4 3.28% Al 63.2
1.13% W 83.8 4. 13% Ni 79.1
3.88% V 97.8 3.34% Cu 87.1
0.93% Fe 99. 6 1,27% Mn 91.9
Ti T00.0 4.11% Mn 93.9
‘ 1 T3% N1 1044 0.91% Ni 98.6
1.27% Mn 115.6 0.93% Fe 98. 6
1.21% Al 142, 2 Ti 100.0
0.91% Ni 143. 1 3.96% Mo 124.3
4.11% Mn 173.8 3.88% V 131.0
0.84% V 223.3 1.21% Al 131.6
3.96% Mo 226. 7 4.03% Cr 142. 8
3.76% Fe 271.1 1.05% Cr 148. 6
4,03% Cr 277.8 3.76% Fe 162.6
1.05% Cr 286.7 0.84% V 227.5
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2. Experimental Ternary Titanium-base Alloys

The experimental ternary titanium-base alloys contain
the following combinations of two alloying elements: Al with
W or 51; Cr with Fe or Mn; Ni with Cu; Ta with Ch, Si, or W;
and W with C, Mo, or Si. (See Table 4 for specific alloy com-
position. )

The scaling rate of titanium increased more rapidly
than the scaling rate of the titanium alloys with increasing tem-
perature and the differential in slopes of aggregates of curves
did not increase consistently with increasing temperatures, but
was most pronounced at 1800°F. and least pronounced at 1400°F,

The alloys containing chromium consistently displayed
poor resistance to scaling at all temperatures. All of the other
alloys in this group showed better resistance to scaling than un-
alloyed titanium. The most scale-resistant alloy at each tem-
perature is: 1200°F,, 6% Al-1% Si; 1400°F., 4% W-1% Si;
1600°F., 4% W-1% Si and 4% Ta-1% Si; and 1800°F., 4% Ta-

1% Si. Comparative scaling data relevant to the alloys in this
group are shown in Tables 5 and 6 and in Figures 9 and 31-34¥%,

There was no indication of a transition in the scaling
rate of any of the alloys in this group.
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TABLE 4

CHEMICAL COMPOSITION OF TERNARY TITANIUM-BASE ALLOYS

Heat Number Intended Composition Analysis¥
Percent Percent
86-R3** 2Ni-1Cu 1.99 Ni - 1.01 Cu
87-R 6 Al - 1Si 6.45 Al - 0,87 Si
102-R3 1Al -1W 0.94 Al - 1,21 W
103-R5 4 Ta - 151 ....Ta - 1,20 Si
104 4Cr~-1Mn 4,05 Cr - 1.03 Mn
105-R5 4 Ta - 1Cb ... Ta -..,. Cb
106-R2 6W -1C 4,27 W -0.82C
107-R1 1Cr -1Fe +...Cr - 0,98Fe
108-R3 4W-185i 1.95 W - 0.92 Si
114-R7 4 Al - 1W 3.99 Al-,... W
118-R6 4 Ta -1W v..Ta - 0.98 W
119 -Ré 4 W -1 Mo 3.30 W - 0.74 Mo

* Average analysis of two represéntative samples obtained from the
final forging.
* * The designation "R" denotes three melting and forging operations;
"Rili", four, etc.
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TABLE 5

RELATIVE SCALING PROPENSITY OF TERNARY ALLOYS AT
1200° and 1400°F,

EXPOSURE TIME - 48 HOURS

12009F,

Composition
of Specimens
{Weight per
cent)

Av,. Total Wt,
Increase (mg. )

Per Av,

Orig.

Unit Area {cm?)

Relative to

Tis 100%
6 Al - 1S5i 13.6
4 Ta -~ 151 30,3
4 Ta - 1 Cb 34, 8
4 Al -1 W 34. 8
4W -1 Mo 34, 8
4 W.15i 43.9
4 Ta-1W 48.5
6W -1C 48.5
1Al -1W 59.1
Z2Ni - 1Cu 78. 8
T1 100, 0
1Cr -1 Fe 121.1
4Cr -1 Mn 303.0

WADC 54-109
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1400°F.

Composition

of Specimens

( Weight per

Av. Total Wt,
Increase (mg. )}
Per Av. Orig.

cent) Unit Area (cm. Z)
Relative to
Tis100%
4 WI1Si 28.2
4 Ta - 151 29.5
6 Al - 185§ 33.3
4 Ta~1Cb 46, 2
4 W .1Mo 46,2
6W.-.1C 49.8
4Ta-1W 51,3
4Al-1W 55.1
1Al «1W 66,7
2Ni ~1Cu 71.8
T 100.0C
1 Cr-1Fe 333.0
4Cr -1 Mn 654, 0



TABLE 6

RELATIVE SCALING PROPENSITY OF TERNARY ALLOYS AT
1600° AND 1800°F.

EXPOSURE TIME - 48 HOURS

1600°F. 1800°F.

Composition Av, Total Wt. Composition Av, Total Wt.
of Specimens Increase (mg. ) of Specimens Increase (mg.)
{Weight per Per Av, Orig. (Weight per Per Av.Orig.
cent) Unit Area (em. %) cent} Unit Area{cm.”)

Relative to Relative to

Tiel00% Ti=l00%
4 Ta - 1851 12,9 4 Ta-18581 11.9
4 W ~1851 12.9 4 Ta -1W 20,4
4 W 1Mo 17.6 4 Ta -~ 1 Cb 20.4
6 Al - 18i 18. 2 4 W 1851 21.0
4Ta-1Chb 22.9 6 Al -18i 25,8
4 Ta-1W 22.9 4 A1 -1W 35.5
4 W -1C 28, 2 4 W -1 Mo 43,5
4 Al - 1W 28.8 2Ni ~-1Cu 46. 8
1Al . 1W 44,17 6W ~1C 62.9
ZNi- 1Cu 55.1 1AL -1 W 77. 4
TT 1350, 0 1T ~100.0_
1Cr - 1Fe 270. 7 4Cr -1 Mn 217.8
4 Cr ~ 1 Mn 376.0 1Cr -1Fe 233, 8
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3. Commercial Titanium-base Alloys

The following commercial titanium-base alloys were
investigated relative to scaling resistance: RC 130A, RC
130B, RS 70, RS 110A, MST - 3%Al - 5%Cr, MST 2.5% Fe -
2.5%V, and MST - 2% Fe,

The scaling rate of all the commercial alloys in-
creased more rapidly than the scaling rate of unalloyed titanium
with increasing temperature and the differential in the slopes
of aggregates of curves became more pronounced as the tem-
perature increased (See Figs. 10 and 35-38%). The scaling
rate of the commercial alloys was greater than that of unalloyed
titanium at all temperatures. The scaling rate of stainleas
steel {Type 302) increased more rapidly than the scaling rate
of the commercial alloys and unalloyed titanium with increas-
ing temperature. Generally the relationship between weight
increase and time was exponential and no indication of a tran-
sition in scaling rate was observed.

The difference in the scaling rate of the commercial
alloys generally was not marked. The alloys moasat resistant
to scalirg at each temperature were: 1200°F., MST - 2A1 -
2Fe; 1400°F., MST - 2Al - 2Fe; 1600°F, , MST - 2, 5Fe -
2,5V; and 1800°F., MST - 3Al - 5Cr. Additional compara-
tive data relative to the scaling resistance of alloys in this
group are shown in Tables 8 and 9, The chemical composition
of this group of alloys is shown in Table 7.
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TABLE 7

CHEMICAL COMPOSITION OF COMMERCIAL GRADES OF
UNALLOYED TITANIUM AND TITANIUM-BASE ALLOYS

Manufacturer

Rem-Cru Titanium

Rem-Cru Titanium

Republic Steel

Republic Steel

Mallory-Sharon

Mallory-Sharon

Mallory-Sharon

Mallory-Sharon

WADC 54-109

Manufacturer's
Designation

RC 130 A

RC 130 B

RS 70

RS 110 A

MST-3% Al, 5% Cr
A MST-2.5% Fe,

2.5% V

B MST-2. 5% Fe,
2,5% V

MST-2% Al, 2% Fe

28

Composition

8% Mn, Bal, Ti

4% Mn, 4% Al, Bal, Ti
Ti

4% Cr, 4% Fe, Bal, Ti
1.93% Al, 5.38% Cr,

Bal. Ti

2.67% Fe, 2,.68% V,
Bal. Ti

2.28% Fe, 2.55% V,
Bal. Ti

2.19% Al, 3.45% Fe,
Bal, Ti



TABLE 8§

RELATIVE SCALING PROPENSITY OF COMMERCIAL ALLOYS
AT 1200° AND 1400°F.

EXPOSURE TIME - 48 HOURS

1200° 1400°
Composition Av, Total Wt. Composition Av. Total Wt.
of Specimens Increase (mg. ) of Specimens Increase (mg.)
{Weight per Per Av. Orig, (Weight per Per Av. Orig. 2
cent) Unit Area (cmé) cent) Unit Area (cm.“)
Relative to Relative to
Ti = 100% Ti = 100%
302 S. S. {Repuhlic) 11.5 302 S. S. {Republic) 6.3
302 S5.58.{U.S.8.) ———— 302 8.5.(U.8.5.) ---
Titanium 100.0 Titanium 100. 0
MST 2% Fe -2% Al 100. 0 RS - 70 131. 7
MST 2.5% Fe - 2.5% V(A)107.7 MST 2% Fe - 2% 168. 5
MST 2.5% Fe - 2.5% V{(B)107.7 MST 2.5% Fe - 2.5% 200.0
V(A) _
RC - 130 B 107. 7 RC - 130B 200.0
RS - 70 115.3 MST 2,.5% Fe - 2.5% 210.3
V{(B)

RS 110A 161. 6 RC - 130A 263, 0
RC 130A 169.1 RS - 110A 276.1
MST 3% Al - 5% Cr 223.1 MST 3% Al - 5% Cr 276.1
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TABLE 9

RELATIVE SCALING PROPENSITY OF COMMERCIAL ALLOYS
AT 1600° AND 1800°F.

EXPOSURE TIME - 48 HOURS

1600°F. 1800°F,

Composition Av. Total Wt. Composition Av, Total Wt.
of Specimens Increase (mg.) of Specimens Increase (mg. )
(Weight per Per Av. Orig. 2 (Weight per Per Av, Orig.
cent) Unit Area (cm.“) cent) Unit Area (c:m.2 )

Relative to Relative to

Ti = 100% Ti = 100%
302 S.S.(Republic) 17.1 302 S.S.{Republic) 30.6
302 S.S5.(U.8.8.) -——- 302 S.8.(U.S.8.) 37.6
Titanium T00.0 MST 3% Al-5% Cr 95.9
MST 2.5% Fe-2.5% V(A) 100.0 Titanium 100, 0
MST 2.5% 'Fe-2.5% V(B) 105.8 RS - 70 108.3
MST 2% Fe-2% Al 117.1 MST 2.5% Fe-2.5% V (B) 133.5
RS - 70 117, 1 MST 2% Fe - 2% Al 152.9
RC - 130B i31. 4 MST 2.5% Fe-2.5% V (A) 166.8
RC - 130A - 131.4 RC -130B 180, 8
MST 3% Al - 5% Cr 131. 4 RC - 130A 215.3
RS - 110A 134, 1 RS - 110A 255.8
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4, Experimental and Commercial Heats of Unalloyed Titanium

The investigation of several experimental heats and one
commercial heat of pure titanium resulted in the following obser-
vations:

There was a more pronounced variation in the slopes
of aggregates of curves for the temperatures of 1600° and 1800°,
Variation in slope occurred not only for the same heat at differ-
ent temperatures, but with different heats at the same tempera-
ture (Fig. 11). The numerical values of slopes corresponding
to commercial titanium and different heats of experimental ti-
tanium at 1200°, 14000, 16002 and 1800°F. are shown in Table
56.

At 1200°F. a transition in slope was observed between
1l and 1.5 hours, A second transition was observed between 4
and 23.4 hours. The change in slope correspondipg to the first
transition was from 1. 08 to 0.5: the change corresponding to
the second transition was from 0.5 to 0. 65. The change in the
value of the rate constani Kjgor the first transition was from
14, 70 (mg)o- 93 per (dm)** 2° per hour to 311.0 (mg)z per (dm)4
per hour; the change for the second transjtion was fror 11.0
(mg)z per (dm} pegr hour to 15,37 (rng)ﬁ gzrlper (dm)?'rﬁg?’per
hour. (These results are shown in Figures 11, 18%, 19%, and
20*% and Tables 51%, 52%, 53%, 54%_,) On the other hand, Mor-
ton and Baldwin™, utilizing commercial titanium (U. S. Bureau
of Mines) exposed to temperatures between 1290° and 1560°F,
made the following observations: between these temperatures
the slope was 0.5, except for recurrent discontinuities, and
could therefore bhe described by a parabolic relationship.

At 1800°F, an indicated transition in slope was observed
for the time period of 7.3 to 28, 2 hours (Figures 22% -23% and
Table 55%), However, since the data for the time period of 0
to 7.3 hours were limited and data for the time period of 7.3 to
28. 2 hours were 110t ovtained,the corresponding change in the
rate constant was not aetermined. Morton and Baldwin® utiliz-
ing commercial titanium (U, S.Bureau of Mines) exposed to tem-
peratures between 1560° and 1830°F. made the following obser-
vations: between these temperatures the curves were sigmoid-
al, following a straight line with slope 0.5 from approximately
0.1 to 1 hour, At 1 hour the curves increased abruptly, but
gradually diminished until approximately 10 hours had elapsed.
At this time the curves resumed their original slope of 0.5.

(No results were shown for time periods beyond 10 hours. )

WADC 54-109 31



INold

14,0081 '002! ‘0010021 1V WNINVLIL
J3A0OTIVNN HOd 3JWIL 4O NOILONNS V SV V3HV VNISIHO LINN ¥3d ISVIHONI LHOIEM

SHNOH — IMIL
001 o 2 001 ol cOl o 008 001 ]
________ _ :_:___ _: _ ___:__._._u _c ﬁ _“__:A. _ o wﬁ_ _ _::___I_._o

SIML Ing 9ININ-
—3

{0.2286; 1 (0. 128} {2,009} (2.58+9)
d . 008 - ‘4,008 d,00¢1 4,002%

L

]

AW .-
|

I I
N I

il ]

ot o1 01

GIl OGN 1TIH

70 ON Lu3H

|
H
i

QDN Y3

|
.
]

[ER-URLE) o-sy -1

L
1
I
l

S 0A LY3H

|
Ll 1l

2
zWY M32 OW — 3ISVIYONT  LHOIIM

LUl g
111 ¢ )

ol ar

I
]
|
1

— -3 —1 —
_ SION Ly3M — | a
0N LI
Silon LvaK -1 211 O LUIM, -] “ 1
o e 3 _
TION 193K, - aoM Lvak -
1 ON 1¥IH—E] — — -] _
o5y —] — — ]
—foct —Joo —toci —Jool

90N LuTH \

32

WADC 54-109



5. Experimental and Commercial Heats of Unalloyed Titanium

and Titanium-base Alloys

Comparison of commercial titanium, experimental tita-
nium, commercial alloys, experimental binary alloys, experi-
mental ternary alloys, and stainless steel is shown in Figures
12 and 43-46*, The alloys which were superior in scaling re-

sistance to experimental and commercial titanium are shown in
Table 10,
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TABLE 10
COMPARATIVE SCALING PROPENSITY OF ALL ALLOYS INVESTIGATED

ALLOYS LISTED IN APPROXIMATE ORDER OF DECREASING RE -

SISTANCE TO SCALING

1200°F.
Alloy

302 5. 8. (U. 8. 8.)
6% Al - 1% Si - Ti
4% Ta - 1% Si - Ti
4% W - 1% Si - Ti
1.03% Si - Ti
2.95% W - Ti

1600°F.
Alloy

4% Ta - 1% Si - Ti
4% W - 1% Si - Ti
6% Al - 1% Si - Ti
4% W - 1% Mo- Ti
302 5. S. (Republic)
4,45% Cb - Ti
4.37% Ta - Ti

WADC 54-109
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1400°F,

Alloy

302 $.S. (Republic)
3.69% Si - Ti
4% W - 1% Si - Ti
4% Ta - 1% Si - Ti
6% Al - 1% Si - Ti

1800°F,
Alloy

4% Ta - 1% Si - Ti
4% W - 1% Si - Ti
4% Ta - 1% Cb - Ti
4% Ta - 1% W - Ti
1.03% 51 - Ti
2.95% W - Ti
4,.45% Cb - Ti
4.37% Ta - Ti

302 S. S. {Republic)
302 8. S, (U. 5. 8,)



B. Weight Increase Versus Temgerature

The relationship between weight increase and temperature
for the temperature range 1200° to 1800°F. (time constant at 48
hours) is shown in Figures 13, 14, 15, 16, and 17 for: experimen-
tal binary titanium-base alloys, experimental ternary titanium-base
alloys, commercial grades of titanium-base alloys and commercial
and experimental grades oftitanium.

The relationship between weight increase and temperature
was approximately linear in the case of the 4. 03% Cr-Ti alloy (Fig.
14) and also in the case of the 4% Cr-1% Mn - Ti alloy (Fig. 15).

The relatively greater scaling rate observed for Heat No.

8 (Fig. 17) in the temperature range 1500° to 1800°F. was not con-
sidered typical of the behavior of titanium, '
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C. Inchas Penetration o_f Scale

Originally, it had been planned to determine weight-loss
of metal due to scaling; however, the inability to develop a suitable
descaling method prevented accomplishment of this work, In lieu
of obtaining weight-decrease data, a different criterion of scaling
propensity has been employed, namely, inches penetration of the
base metal by the oxide scale. This method gives approximately
the same relative information as the weight-loss determinations.

Procedure: After the specimens were scaled and weight-
increase determinations observed, the specimens were mounted,
twelve at a time, between two parallel plates. One-sixteenth of an
inch of metal was removed from the bottom of the specimens by a
belt grinder. This was followed by abrading with No. 1, 1/0, 2/0,
and 3/0, polishing papers. This procedure produced sharp edges
with no edge disintegration and was very satisfactory for specimens
scaled at 1200°F. and 1400°F. After exposure to 1600°F. the
specimens were very brittle and the base metal was nearly deplet-
ed. Accordingly, it became difficult to polish to a sharp edge as
the specimens broke at the ends and edges very readily. For this
reason the specimens were broken on a line one-third the distance
from the bottorn edge. This procedure produced sharp, well-delin-
eated edges.

The original and final thicknesses were determined through
the use of polarized light, a magnification of 150X, and a metallo-
graph with a microscope stage having a micrometer screw accurate
to 0.00004", The average of three readings was taken as the
thickness of individual specimens.

As the time of scaling varied between the different scaling
tests, it was decided to divide the total inches penetration (calculat-
ed by subtracting final specimen thickness from original specimen
thickness) by the total time (in hours) of exposure to the scaling
temperature. Accordingly, the data presented are in terms of inches
pPenetration per hour,

Attempts to correlate inches penetration data with total
weight-increase data indicated the existence of certain discrepan-
cies, particularly in the case of the binary alloys. Better results
were obtained with the commercial alloys, and still better results
were obtained with the ternary alloys, In the case of the binary
alloys, the errors of measurement were of the same order as the
metal loss at the lower temperatures, and it is believed that the
more sensitive determinations made on the latter groups of alloys
alleviated this effect to an appreciable extent.

At the higher temperatures several specimens were com-
pletely converted to scale, resulting in erroneous indications of
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total weight gain and no significant values for inches penetrations.
By disregarding these specimens the correlation was improved.

Inches penetration data for the binary, ternary, and com-
mercial alloys are given in Tables 11-16,
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Table i1,

Inches Penetration per Hour at 12000 F, for Binary Alloys,

Original Final inches Average Hours at Average Inches
Specimen Thickness Thickness Penetration Inches 1200 F. Penetration per
Penetration Hour X 106

1.19% Mo 0.0500 0.043%0 0.0010 0.0006 337 1
0.0493 0.0492 0.0001

2.95% W 0.0513 0.0506 0.0007 g.00l0 337 2
0.0%20 0.0507 0.0013

1.03% 5i 0.0530 0.0524 0.0006 0.0010 137 2
0.0530 0.0516 0.0014

3.69% Si 0.0530 0.0514 0.0016 0.0014 337 4
0.0533 0.0522 0.0011

3.28% Al 0.0480 0.0465 0.00%5 0.0017 332 5
0.0483 0.0465 D.00i8

0.91% Ni 0.0440 0.0421 0.0019 0.0019 k4 5
0.0430 0.0411 0.0019

3.88% Vv 0.0500 0.0485 0.0015 0.0020 kN 5
0.0513 0.0488 0.0025

4.13% Ni 0.0503 0.0494 0.0009 0.0020 290 [}
0.0503 0.0472 0.0031

0.54% Ta 0.04%0 0.0454 0.0036 0.0024 337 7
0.0490 0.0479 0.0011

1.13% W 0.0536 0.0517 0.0019 0.0022 290 7
0.0536 0.0511 0.0025

Ti G.0470 0.0447 0.0023 0.0027 37 8
0.0470 0.0440 0.0030

3.34% Cu 0.0500 0.0472 0.0028 0.0027 290 ¢
0.0500 0.0474 G.0026

4.37% Ta 0.0500 0.0460 0.0040 0.0036 337 10
¢.0500 0.0468 0.0032

4.45% Cb 0.0460 0.0427 0.0033 0.003% 337 10
0.0460 0.0421 0.0039

1.21% Al 0.0506 0.0466 00040 0.0034 290 11
0.0506 0.0478 0.0028

0.84% v 0.0483 0.0445 0.0038 0.003& 290 12
0.0483 0.0449 0.0034

1.00% Ch* 0.0467 0.0424 0.0043 aav L2

4.11% Mn 0.0483 0.0445 0.0038 0.0040 290 13
0.0483 0.044] 0.0042

4.03% Cr 0.0437 0.0382 0.0043 0.0049 332 14
0.0433 0.0390 0.0055

1.27% Mn 0.0410 0.0368 0.0042 0.0043 290 14
0.0410 0.0367 0.0043

0.93% Fex* 0.0450 0.0403 0.0047 290 16

3.76% Fe 0.0480 0.0432 0.0048 0.0067 290 23
0.0%80 0.0395 ¢.0085

*  One specimen lost in furnace.
** Specimen not suitable for use.
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Table F2,

Inches Penetration per Hour at 1600° F. for Binary Alloys

Original Final Inches Average Average Inches
Specimens Thickness Thickness Penetration Inches Hours at Penetration, per
Penetration 1600° F, Hour X i0-9"

4.37% Ta 0.0540 0.0518 0.0022 0.0022 169 13
0.0542 0.052¢ 0.0022

4.45% Ch» 0.0437 0.03%0 0.0047 169 27

0.54% Ta 0.0498 0.0450 0.0048 0.0051 169 30
0.0489 0.0435 0.0054

Ti= 0.0423 0.0362 0.0061 169 36

3.34% Ca 0.0471 0.,0398 0.0073 0.0072 169 - 42
0.0504 0.0434 0.0070

1.00% Ch* 0.0470 0.0394 0.0076 169 45

1.03% Si 0.0539 0.0460 0.0079 0.0076 169 45
0.0541 0.0469 0.0072

2.95% W 0.0530 0.04567 0.0073 0.0065 140 46
0.0540 0.0484 0.0056

3.88% ¥V 0.0494 0.0373 0.0121 ¢.0106 169 62
0.0494 0.0403 0.0091

1.27% Mn 0.0398 0.0292 0.0106 0.0098 140 70
0.0399 G.0308 0.0091

1.19% Mo 0.049¢0 0.0349 0.0141 0.0130 169 76
0.0491 0.0372 0.011%

3.28% Al 0.0500 0.0368 0.0132 0.0129 140 92
0.0502 0.0376 0.0126

1.13% W 0.0423 0.0304 0.0129 0.0135 140 96
0.0549 0.0409 0.0140

3.69% Si 0.0550 ¢.0378 0.0172 0.0164 169 97
0.0533 0.0377 0.0156

0.93% Fe 0.0460 0.0342 0.0118 ¢.0136 140 97
0.0462 0.0309 0.0153

4.13% Ni 0.0442 0.0294 0.0148 0.0140 140 100
0.0385 0.0253 0.0132

1.,21% Al 0.0503 0.0334 0.0169 0.0163 140 ilé
0.0396 0.0239 0.0157

4.13% Ni 0.0497 0.0335 0.0162 0.0174 140 124
0.0503 0.0318 0.0185

4.11% Mn 0.0393 0.0211 0.0182 0.0182 140 130
0.0398 ¢.0216 0.0182

0.84% V 0.0478 ¢.0184 0.0294 0.0284 169 168
0.0456 ¢.0182 0.0274

1.05% Cr 0.0425 0.0163 0.0262 0.0256 140 183
0.0428 0.0179 0.024%9

3.96% Mo 0.0524 9.0219 0.0305 0.0328 169 194
0.0524 0.0174 0.0350

3.76% Fe 0.04381 0.0186 0.0295% 0.0301 140 218
0.0470 0.0163 0.0307

4.03% Cr 0.0462 0.0140 0.0322 0.0322 140 230
0.0386 0.0065 ¢.0321

* Duplicate specimen lost in furnsce.
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D. Investigation of Scale Characteristics

Investigations of scale characteristics were first confined
essentially to the identification of scales formed on the 4% Al-Ti
alloy, chosen on the basis of its relatively good resistance to scal-
ing.

This study was primarily concerned with x-ray diffraction
techniques, and microscopic and chemical mveshganons The 4%
Al-Ti alloy was scaled at temperatures of 1200°, 1400° 1600°
1800°, and 2000°F. for very short (30 minutes to 2 hours) and rela-
tively long (up to 300 hours) periods of time. The scales thus pro-
duced were observed, microscopically, under a low power (30X)
stereomicroscope, and microscopically at magnifications up to
1000X. Representative samples were separated mechanically and
prepared for x-ray powder diffraction study. Patterns thus ob-
tained were then compared with standard patterns of the various
oxides and the alpha solid solution of oxygen in titanium. These
comparisons provided positive identification of the phases and
structures of the scale.

Since neither aluminum nor its oxide appeared as a sep -
arate phase, it was necessary to effect a qualitative chemical
analysis of the various strata in order to define the position of each
stratum and its effect upon the scale, A semimicro process was
developed and the analysis carried out with multiple samples, em-
ploying positive and negative controls.

These investigations revealed that the scales appearing on
this alloy were composed of several strata which varied in number
and nature with temperature and time of exposure. Comparison
of the scale on the alloy with that on a specimen of pure titanium
disclosed no radical differences, other than those of a dimensijonal
nature,

From the data accumulated (Table 17}, it i8 apparent that
aluminurn additions to titanium do not decrease scaling rates through
the formation of a pure aluminum oxide stratum in the scale. Ra-
ther, the aluminum appears as a double oxide or solution of alumi-
num oxide in titanium dioxide, and is essentially confined to the me-
tallic and gray powder strata. This phenomenon is explainable,
perhaps, on the basis of relative oxidation tendencies of the two
metals.

Aluminum, as well as certain other metals, forms a re-
fractory oxide through which diffusion is difficult, whether it ap-
pears as a distinct stratum, or as a double oxide in solution. It
would appear that this may explain the mechanism whereby aluminum
increases scale resistance when added to certain other metals as an
alloying element. This explanation is somewhat borne out by these
experiments and further proven by those conducted on other alloys,
notably iron-aluminum-.
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The investigation of scale characteristics has been extend-
ed to include studies of the scales formed on the 4.03% Cr and 2.95%
W alloys. Unfortunately, specimens scaled at all temperatures in
the range 1200° to 1800°F. were not available in either case, many
having been rendered useless in previous attempts to effect descal-
ing, Furthermore, specimens were not available for short-time
scaling tests, which are almost essential to the determination of
scaling mechanismas,

Considering first the scale formed on the 4, 03% Cr alloy
at 1600°F. (Table 18), the sequence of strata did not coincide with
that of pure titanium. The gray inner strata usually found were
conspicuously absent, and the appearance of a vitreous stratum ad-
jacent to the metal was inconsistent with other scales observed.

The scale was adherent yet soft and brittle with no appar-
ent macro=0r micro-porosity, Spalling was not evident. X-ray
diffraction studies revealed no crystal structure other than that of
rutile in individual strata or composite specimens. Chemical an-
alysis of the individual strata indicated the presence of Cr in all
except the outermost. The yellow coloration of the inner strata,
as oppesed to gray in other alloy scales, may well be explained by ¢
the effect of Cr pigments upon TiO2, familiar to the paint industry.

Scales formed on 2.95% W alloys at 1200°F. and at 1800°F,
were studied ( Table 19). These scales were stronger and definite-
ly harder than any of the other studied to date. There were no pow-
dery layers in these scales such as appeared in other cases; all
strata encountered were quite adherent.

X -ray diffraction studies indicated again that only the ru-
tile crystal structure was obtained. No macro- or micro-poros-
ity was observed. Sensitive qualitative analysis for tungsten in the
scales gave very weak positive resaults in every case, It was postu-
lated that tungsten would produce a beneficial effect on the scaling
resistance of titanium as a result of reduction of the partial
pressure of oxygen by tungsten oxide.

Due to the necessity of obtaining scaling data relevant to
the commercial and ternary alloys, a more detailed investigation,
such as that carried out for the 4. 02% Al-Ti alloy, was not permit-
ted.
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Table 17,
TA Scale Investigation 4% Al-Ti, Tabulated Data,

Tamp. Time Ne. of Sequance? Form, Diffraction Alumiaum
{Deg. ¥} {Hours) Strata and Color Thickoses Pattera Analysis Remurks
1200 2 1 Lt, bronne Metallle, Alpha Not done
about 0.0001 cm
1z00 300 2 Lt. blue 0.0008 cm Rutilese Poaltivess Yery hard, adherent.
Gray 0.0003 em
1400 2 4 Green 0.0006 cm Rutilase Positivyss Very hard scale,
Gray 8.0004 cm adherent.
1400 72 2 Gray-gresn Small erystals  Ruille Adberent scale
0.0010 cmn
Positiver
Gray Two~phass Rutile & Alpha
0.0028 om
1600 2 3 Yellow Rutilews Not dene Micro exam. not done;
L1t. gray Rutilus® scale too friable;
Dk, Gray spails readily.
1600 120 5 Brown Granular
0.004) cm. Negative Scale adherent but
Rutilass cracks and spalls
White Friabie under external
0.0007 em Negative preasure.
Gray Two-phase
0.004% em Positive
Sllver-gray Two-phase Rutila®e
0.0049 cm Pasitive
Lt. gray One-phase
0.0011 em Positive
1800 1-1/2 3 Brown Fine grain Scale spalled upon
0.0690 cmn Rutile Negative air cooling.
White Powder Rutlle Negative
0.0663 em
Sllvar-gray Two-phase
0.0047 cm. Rutlle Positive
Gray Powdar, two- Rutile Positive
Phaze 0.0111 em
White Powder, fine
0.0005 cm Rutile Nagative

*#  Sequence of strata is from outside toward metal.
**+ Composite scale specimens.

Nate: Scales appearing on specimens sxposed at 2000° ¥ ware the same as those at 1800° F, except for dimensional variations.
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V. SUMMARY AND CONCLUSIONS

Evaluations of relative scaling tendencies of titanium and tita-
nium - base alloys (produced commercially and experimentally) were
made on the basis of weight increase caused by exposure of these ma-
terials to the temperatures of 1200°, 1400°, 1600°, and 1800°F. It
was observed that the effect of additions of the alloying elements Cu, Al,
S5i, vV, Cb, Ta, Cr, Mo, W, Mn, Fe, and Ni, in various combinatiuns,
to commercially pure arc-melted titanium sponge was to increase, de-
crease, or essentially prodice no effect upon the scaling resistance of
this material (titanium]}.

1. In certain instances, the effect of specific alloying elements,
in concentrations of not less than approximately 0. 5% to not more than
8% was to produce radical changes in the scaling resistance of titanium,

2. Binary and ternary titanium alloys, produced experimental-
ly, generally became increasingly superior to titanium on being exposed
to progressively higher temperatures within the range 1200° to 1800°F.

3. Titanium alloys, produced commercially, became increas-
ingly inferior to titanium on being exposed to progressively higher tem-
peratures within the range 1200°F. to 1800°F.

4, The scaling resistance of different heats of titanium, pro-
duced experimentally, generally was erratic.

5. Alloys of approximate composition (see Table 31 for actual
composition of ternary alloys)4% Ta, 1% Si-Ti; 4% W, 1% Si - Ti; and
6% Al, 1% Si - Ti possessed maximum resistance to scaling, relative
to tilglnium, when exposed to temperatures within the range 1200° to
1800°F.

6. Alloys of approximate composition 4% Ta, 1% Si - Ti; 4% W,
1% Si - Ti; 6% Al, 1% Si - Ti; and 4% W, 1% Mo - Ti were more resist-
ant to scaling than Type 302 stainless steel at the temperature of 1600°F.

7. Alloys of approximate composition 4% Ta, 1% Si - Ti; 4% W,
1% Si - Ti; 4% Ta, 1% Cb -~ Ti; 4% Ta, 1% W - Ti, and alloys of compo-
gition 1.03% Si - Ti; 2.95% W - Ti; 4.45% Cb - Ti, and 4.37% Ta - Ti
were more resistant to scaling than Type 302 stainless steel at the tem-
perature of 1800°F,

8. Alloys of approximate composition 4% Cr, 1% Mn - Ti; 1%
Cr, 1% Fe - Ti and alloys of composition 1. 05% Cr - Ti; and 4. 03% Cr
-Ti possessed minimum resistance to scaling relative to titanium, when
exposed to temperatures within the range of 1200° to 1800°F. The ef-
fect of chromium in concentrations of approximately 1 and 4%, alone
and in combination with other elements, was to markedly accelerate
scaling.
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9. The effect of increasing the aluminum concentration of bina-
ry alloys from 1% to 4% resulted in a rather substantial increase in
scaling resistance. Increasing the aluminum concentration from 4% to
8% (intended composition) produced only a slight change in scaling resist-
ance. On this basis it would appear that the excellent scaling resistance,
relatively, of the alloy of approximate composition 6% Al, 1% Si - Ti,
might be attributed predominantly to the effect of silicon alone, or to
combination of aluminum and silicon in these proportions.

10. A transition in the scaling rate of titanium was observed be-
tween 1 hour and 1. 5 hours, and beiween 4 and 23. 4 hours at the tem-
perature of 1200°F. An indicated transition in the scaling rate of tita-
nium was observed between 7.3 and 28. 2 hours at the temperature of
1800°F. (In the latter instance, data were not obtained for the time pe=
riod prior to 7.3 hours or the time period ot 7.3 to 28. 2 hours. )

11. The inability to effect a removal of scale from underlying
metal, without at the same time removing excessive amounts of metal,
prohibited the determination of weight decrease of metal caused by ex-
posure of titanium and titanium alloys to temperatures within the range
1200° to 1800°F,

12. Inches penetration (loss of metal} resulting from exposure to
the above temperatures was determined for titanium and titanium alloys,
produced commercially and experimentally. This method permitted a
determination of metal loss without necessitating the application of de-
scaling procedures. Even though penetration data were expressed in
terms of inches of metal lost, it would appear that the expression of
thesedata in terms of weight decrease {calculated from the density and
optically observed dimensions of the unscaled portion of the metal) would
be justified. Whereas weight decrease determined by calculations would
reflect the inability to measure accurately the distance of the irregular
scale -metal interface from the surface of the scaled specimen, weight
decrease determined by observing the descaled weight would reflect the
weight of gases in solution in the metal,

13, The correlation (not included) of inches penetration data and
weight-decrease data generally was unsatisfactory, that is, the order of
resistance to scaling usually was not the same for the two methods. The
ternary alloys, as a group, proved relatively more amenable to correla-
tion.

14. The inability to obtain generally satisfactory correlations of
inches penetration data and weight-increase data was attributed to the
fact the former did not reflect the weight of gases in combined form {such
as Oz in TiO) plus those in uncombined form (such as O3 in solution in
and/or absorbed by the scale). Even though it is rather doubtful that
these gases were reflected in inches penetration data, or if so, to the
same extent as in weight-increase data.
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15. On the basis of limited data, it would appear that the mech-
anism of scaling of the 4. 02% Al - Ti alloy involves:

{a) The depletion of aluminum in the region of the scale -metal
interface.

(b) Predominant diffusion of metal ions to the oxide -air inter-
face, rather than non-metal ions, toward the oxide-metal interface.

{c) The existence of oxide or oxides of rutile structure, only,
in the temperature range 1200° to 2000°F.

16. The structure of the scale formed on the 4. 03% Cr - Ti Al-
loy in the temperature range of 1200° to 1800°F. was that of rutile, The
presence of chromium was not observed in the outermost layer of the
scale. After exposure to temperatures of 1600° and 1800°9F. , the ex-
ternal scale formed on the chromium bearing alloys employed, appear-
ed to have undergone incipient melting. The increase in dimensions of
scaled specimens was marked.

17. The structure of the scale formed on the 2.95% W - Ti al-
loy in the temperature range of 1200° to 1800°F, was that of rutile.
Scales formed on this and other alloys containing approximately 4% W
were characterized by their adherence and hardness.

18. An indication of the strength and/or the coefficient of linear
thermal expansion of oxide scales was obtained by quenching scaled
specimens from elevated temperatures in ice water. The only alloy
(not heavily scaled) from which scale did not spall on being quenched
from 16009F. in ice water was of approximate composition 4% Ta, 1%
Si - Ti. The scales from certain other alloys (not heavily scaled} did
not spall when air cooled from temperatures as high as 1800°F. In
general, the scale of alloys having relatively high resistance to scaling
tended to resist spalling when air cooled from temperatures within the
range 1200° to 1800°F.

19. Alloys containing aluminum and/or silicon were particular-
ly unamenable to hot forging. Temperatures of 2200° to 2300°F. were
required from this operation.

20. Although the strength of alloys was not determined either
before or after scaling tests were conducted, it was apparent that this
property was generally severely reduced due to the formation of sub-
scales.
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264 288
hours hours

1200% ¥. (648.8° G.)
192 216 240
hours hours hours

168
hours

TABLE 28
144
hours

120
hoars

Data Obtained from Scaling Testis at
96
hours

T2
hours

48

2
AVERAGE CUMULATIVE WEIGHT INCREASE (mg) PER AVERAGE ORIGINAL UNIT AREA {cm”)
hours

Alloying
Element

WADC 54-109

2.3
4.4
2.7

2.2
2.5

2.1
2.4

2.0
2.3

1.9
2.1

1.8
1.9

1.6
1.7

1.5
1.6

1.4
1.4

1.2
1.2

2.0
3.6
0.96%
i.22»
0.95%
1.5»
0.98+
0.5
0.8
0.9
0.7
0.9

* Extrapolated value.

1.05% Cr
4.03% Cr
1.27% Mn
4.11% Mn
0.93% Fe
3.76% Fe
3.34% Ca
0.54% Ta
4.37% Ta
1.19% Mo
3.96% Mo
1.00% Cb
4.45% Cb

Ti
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FIG. 44 WEIGHT INCREASE PER UNIT ORIGINAL AREA AS A FUNCTION
OF TIME AT 1400°F. {(760.0°C.)
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FIG.45 WEIGHT INCREASE PER UNIT CRIGINAL AREA AS A FUNCTION
OF TIME AT |600°F. (87I1.1°C.)
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FIG 46 WEIGHT INCREASE PER UNIT .ORIGINAL AREA AS A FUNCTION
OF TIME AT |800°F. (982.2°C)
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