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Abstract

Aging studies ware made on a Ti-Mn alloy.
X-ray diffraction patterns and metallographlo specimens
were made from the aged samples. Also hardness
measurements were made on the aged samples. An
extremely brittle structure was noted, and a new

phase appeared on the x-ray diffraction patterns.



Introduotlon

Titanium exists 1In two allotroplo forma. It is In
th& close-packed hexagonal alpha form from room temper-
ature to lagsO? where i1t transforms to the body centered
oubio beta form. Phis for® is stable between 1025°F
and the melting point, 3100®?. mo beta form oan be
stabilized at lower temperatures by the addition of
certain alloying elements, such as Or, Fa, Mo, V, or linl*

IT certain beta stabilized alloys are quenched from
the alpha-beta region (see Figure 1) and aged at about
800°F, an extremely brittle structure is developed. Upon
further aging at the same temperature the brittle
structure disappears. it first this brittle structure
was believed to be a finely divided alpha precipitate
formed from the metastabl© beta produced on quenching.
Upon investigation of this structure by x-ray diffrac-
tion means a series of linos was found. These lines
were neither alpha nor beta. It was thus believed that
a new phase had been found which was named omega. This
phase was originally found in a TiMa alloy, and has
sInco been found In TICr, TiFe, and TIMO alloys.

The discovery of omega was made in 195S2, but its*
crystal structure was not known until 1955. Since then
"B Eb T1Aqéﬁ?aiedﬁirVVandbobk"on Titanium, "Mart 1.

2. Pattella Memorial Institute, Development of
Titanium Base "Hoys. p, 102.
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Max Hansen, Donald X, McPherson, and William

Eostoker,
Pe 71e

Constitution of Titanium Alloy Systems.
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it has been iIndexed as oubio, orthorhombic, and hexagonal3.
The most extensive studies whioh have been made on
the omega phase ar© by Parris, Schwartz, and Frost.
Their results, based on single-crystal Weissenberg x-ray
diffraction techniques on a TI-80r alloy, show the
structure of omega to be a complex body centered cubic

crystal with 54 atoms per unit cell (see Figure 2).

IT yJ'rf.""tfoTaan and R. 1. Jaffee. Feta Transformation
in Titanium alloys, p. 31.

4. W. M. Parris, O. if, Schwartz, and P. D. Frost,
Precipitation Hardening and Imbrittlement of Hljgjh-
Strength® Titantum Hoys,



Figure 2. Schematic diagram of the atomic positions iIn
triple-body-centered unit cell of omega phase in a
Ti-Gr alloy.*

* W. r. Parris, G. M. Schwartz, P. D. Frost,
Precipitation Hardening and Embrittlement of High-
Strength Titanium AlloysV p. 14.



Experimental Procedures

alloy Preparation

All the alloys used were made from 120 BHN Ti
sponge5 produced at the United States Bureau of Mines
Station In Boulder Olty, Nevada, and electrolytic Mn
from the Electro-Manganese Corp., having a purity of
99.971i. The Mn was first heated to 1470°F ( 5°) for one
hour iIn a vacuum at .03 microns pressure to remove any
hydrogen which causes embrittlement of the beta phase
in Ti alloys. Four 70 gram portions were weighed, each
having a composition TiI-SSIn. These portions were next
pressed into compacts at 130,000 pounds pressure. The
compacts were melted into buttons (sea Figure 3) iIn an
inert atmosphere arc furnaoe, on a chilled copper mold,
by a thoriated tungsten electrode.

Two of these buttons were then hot rolled into .060
inch thick sheets for x-ray diffraction specimens.

Table 1 gives the analyses of all four buttons.

Table 1
Button Number Type Sample Per Gent Mn
1 Matal lographic 6.5
3 Metal lographio 6.3
3 X-Ray 6.3
4 X-Ray 6.2
W. It 1s common practice to express the purity of Tf

sponge by giving the Brinell Hardness Number of the

metal produced from the sponge iInstead of an analysis.

For example, 100 BHN is quite pure sponge, while
150 BHN i1s commercial grade.



Figure 3. Bottom. (Left) Titanium sponge and (Right)
electrolytic manganese used in malting alloys.
Top. (Left) Titanium alloy button after melting
and (Bight) titanium alloy compact before melting.



Heat Treatment

"ho two buttons and sheets were given a one-hour
solution treatment at 1450°F (-5°) iIn an inert atmosphere
tuba furnace. The alloys were then quenched to room
temperature iIn iced brine to retain the beta phase.
Sample Preparation

The two buttons were cut iInto sections about
3/8x3/8"x1/2M for metallographio samples. The two
sheets were out Into sections about 1/72"'x1"” for X-ray
diffraction samples. All cutting was done on a water-
cooled, cut off wheel to avoid heating the samples.
Aging Heat Treatment

The aging heat treatments were made by placing the
samples to be studied in a lead bath whioh was held at
a constant temperature near 775°F. A preliminary test
was made to determine the maximum aging time whioh
would produce a brittle structure. It was found that
after 40 minutes aging time the samples began to regain
their ductility. Aging times were decided to be from
10 to SO minutes iIn ten-minute intervals. Later, 1In
x-ray diffraction studies the interval was out to five
minutes. After a sample had been in the lead bath the
proper length of time, It was removed and quenched 1In
water.

Specimen Preparation

Specimens for metallographio examination were

prepared by the standard procedure whioh includes:
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mounting In bakellte; hand grinding through four grades
of emery paper (#1 through #3/0); and three stage
lapping (first stage on slipper satin with a water
suspension of #600 grit silicon carbide, second stage
on slipper satin with a water suspension of 1 micron
levigated alumina, and third stage on mlraoloth with

a water suspension of .3 micron levigated alumina).

Two types of X-ray specimens were prepared. The
first were the original sheet samples with the oxide
layer and any possible lead contamination ground off,
and the disturbed metal layer removed by a light etch.
The second type of x-ray specimens were prepared by
shearing small fragments off the sheet specimens for
use In a powder camera. After shearing they were
dissolved in a 50$ HF- 50$ Ithylene Glycol solution
(volurae/volumo) until they were between .025" and .050"
In diameter and at least 3/8” long.

X-Ray Diffraction

Two methods of obtaining x-ray data were used.

The first was using the sheet specimens In a goniometer
with a recording counter indicating the position and
relative intensities of the diffracted lines. It was
found that the fluorescence of Ti was too great, and the
counter would indicate only the very intense lines; the
rest of them were lost in the background.

Sliver samples were then used In a powder camera



in an attempt to get better r solution of the weaker
lines. The resulting patterns were difficult to read
because of the spottiness of oom® of the lines caused
bjr the large grain size of the specimens.

Tb6 i1ndividual spots of some of the lines did
give definite proof of a phase transformation by their
broadening and being resolved Into two or three distinct
lines (see Figure 4).
Hardness Measurements

The attempts to measure the hardness of the omega
phase wore failures. Both the Rockwell Superficial
Hardness Tester and the Tickers Hardness Tester were
used, but all of the Impressions made by their indenters
h?ad cracks radiating from them (so® Figure 5) except
those In specimens aged 50 minutes or sore, a thirty-
kilogram load was used on the Rockwell machine, while
only a two and one half kilogram load was used on the
Vickers machine* This cracking indicated the presence
of an extremely brittle structure, but would not give

a true hardness reading.
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3.5X Alpha lines

3.5X Beta lines

Figure 4* Enlargements of the front reflection regions
of x-ray photographs illustrating line broadening
and doublets iIn the photograph of the aged specimen.
(Aged fifteen minutes at 783UF (@#7*
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300X

Figure 5. Fractures caused by Vickers diamond pyramid
indenter using a 2 1/2 kilogram load.

ft



Results

X-Ray DIffraotion

To aid iIn interpreting the diffraction patterns,
ideal patterns were calculated using the relationship
d=a0//h2+ks+12 and the fact that/ h2+k2+12 1s an even
integer for a body centered cubic lattice8. aQ for the
beta phase was taken from the graph plotted by Hansen,
McPherson, and Rostoker7 to be 5,g% angstroms. As
this i1s the same size unit cell Parris, Sohwartz, and
Frost measured in the beta phase of their Ti-8Cr alloy8,
the omega unit cell was takers to be the same size as
theirs, 9.80 angstroms. The alpha interplanar spaoings
were taken from the standard card published by the
American Society for Testing Materials. Tables 2, 3,
and 4 list the calculated and standard interplanar
spacings and the observed interplanar spaoings from the
X-ray photographs. Table 5 compares the interplanar
spacings of the aged specimens with the standard and
calculated interplanar spaoings. The patterns were
also compared with the T1H pattern to make sure that

the brittleness observed was not due to the presence

of hydrogen.

T Hi r'. 1. = Alexander. 7-Ray O iffrootjoir
Procedures, pp. 543-347. .

7. v, Hansen,' D. J. Mo"Phersson, and W. rostoker,
Constitution of Titanium Alloy, System”™, p. 239.

8. T. "Parris,.oTfh Schwartz, and D. ~rost,

Hreoinitation Hardening and Bmbrittleaent of Hlgh-
gtrength Titanium Alloys, p. 8.



figure 6. X-Ray photograph of alpha TI.

Table 2. Standard and observed
of alpha T1 x-ray pattern.

andard

2.58
2.34
2.24
1.73
1.46
1.33
1.27
1.25
1.23
1.17
1.12
1.07

.99

.95

.92

.89

.88

Interplanar spacings
Observed

2.31
2.21
1.72
1.47
1.32

.98
.94
.92

13
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Figure 7. X-Ray photograph of retained beta Ti.

Table 3. Calculated tnterplanar spaelngs of beta TI
and observed interplanar 3pscings of retained

beta™ Ti.
Calculated Observed
2.48 2.54
2.30
1.62 1.64
1.53*
1.33 1.34
1.15
1.03
«94 .95
.87 .08

Very faint and diffuse line
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Figure 8. X-Ray photograph of Ti~6.&fn alloy solution

treated at 1450°F and quenched, then aged fifteen
minutes at 783°F (1g°).

Table 4. Calculated Interplanar spacings of omega T1
and observed Interplanar spacings of Ti-0.S"n
alloy solution treated at 1450°F and quenched,
then aged fifteen minutes at 783°F (&

Calculated Observed
2.83
2.48
2.32 2.32
1.59 1.60
1.42 1.38
1.33 1.31
1.21 1.17
1.14
1.04 1.03
97
.96 .96
o4 A
.93 91
89 .89



Table 5. Standard, caloulated, and observed interplanar spacings of x-ray patterns.

Standard Calculated Calculated Lines observed on patterns of aged specimens
tlpha Lines Beta Lines Omega Lines 10* 15* 20* 25* 30* 40* 50*
2.83
2.56
2.48 2.48 2.49 2.46 2.50
.2.3d 2.32 2.32 2.32 2.32 2.28
2.24 2.26 2.24
1.62 1.59 1.59 1.59 1.58 1.60 1.60 1.61 1.62
.1.48 1.43
1.42 1.38 1.38 1.38
1.33 1.33 1.33 1.30 1.31 1.31 1.30 1.31 1.32 1.32
1.23
1.21 1.19 1.17 1.19 1.19 1.20 1.19
1.17 1.15 1.14
1.04
99 1.03 1.02 1.03 1.02 1.02 1.02 1.02
.97
.96 .96 .96 .96 .96 .96 .96 -96
.95
,94 .94 .94 .94 .94 .93
.92 .92 .91 .91 91
-89 .89 -89 .89 -89 .88 .89 -89 -89
. .86 .86 .86 .87 .87 .87 .87 .87 .87

Aging time iIn minutes.
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k& oan be seen from Figures S, 7, and 0, It
would be very diIffioult to attempt.to iIndex these
patterns without having some ldea of the structures.
In the alpha pattern (see Figure 6} only the moat
intense lines registered, so the beta and aged beta
samples undoubtedly had a number of planes whose
diffracted lines did not register. The 2.50 line In
the retained beta pattern (see Figure 7) should not
be there, Indicating that perhaps the quench was not
severe enough to depress completely the omega transform-
ation. This has been observed iIn other alloy systems
when the alloy content was low©. The aged beta pattern
(see Figure 8) shows a doubling of the 2,52 line and
a diffusa broadening of the 1.60 and 1.51 lines to
cover the ranges from 1.59 to 1.62 and 1.51 to 1.33.

The most positive proof of a new phase being
present Is the appearance of the 1.58 lines and the
1.19 lines and the 0.96 lines, which do not fit either
the alpha or the beta pattern.
figtnllorara.nhtt

There Is no positive proof of the existence of the
omega phase by metallographlo means, A dark etching
structure can be shown iIn photomicrographs (see Figures
10 and 11) of T1 alloys which have been shown by x-ray

V. fT. A. Robinson at al. Precipitation flardonlngFnni*'*®
Embrittlement of KI>7h-Strength Titanium Alloys, p. 4.
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means to contain oiseg«10. By using a shadow-casting,
repliaa technique on electron microscope samples, this
dark etching phase has been shown to be a series of
etching plto”.

Figure 9 shows the large clear grains of retained
beta, Figures 10 and 11 show, within the grains, the
dark etching structure which is believed to be associated
with the omega phase, and Figure 18 shows the alpha
platelets which have been formed from tbs retained
beta upon a longer aging treatment. Alpha Ti In a
beta matrix iIs very easy to detect as alpha is strongly
birafringent, while beta is not.

Hardness Tests

While the hardness tests were a failure iIn that
no accurst® readings could be obtained from the specimens
suspected to contain the omega phase, they did iIndicate
that there was an extremely brittle phase present in
these specimens and that this phase disappeared upon

further aging.

W. "W.""Parrfs, O. \\ Fchwartz, and P.1 % Frost7
Precipitation Hardening and Embrittlement of High
Strength r'lItanium Alloys, p. b2.

u, rm .1 p."SOT €



500X ItChant 20 RF 20 RtfOg 60 HQgO

Figure 9. Microstructure of Ti-6.5 Mn alloy solution
treated at 1450°F and quenched. Retained beta.
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Figure 10. Miorostruetur® of Ti~S.S ¥n alloy solution
treated at 1450°F and quenched, then aged ten
minutes at 775°F (*2°). Retailned beta. The dark
etching structure within the grains is believed
to be associated with the omega phase.
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500X Ftchant SO HF SO HHOS 60 HgO

Figure 11. Microstruotura of Ti~6.5 Mo alloy solution
treated at 1450°F and quenohed, then aged twenty
minutes at ?75°F (*3°). Retained beta. The dark
etching structure within the grains is believed
to be associated with the omega phase.
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500X Ftchant SO IT? 30 mQs 60 H?0

Figure IS. Mcrostructure of fIJL*6*BUn alloy solution
treated at 1450°F and quenched, then aged forty
minutes at ?75°F (¥2°). Alpha platelets iIn a
beta matrix.



Conclusion

The omega phase hoes exist as a separate phase
having a distinct crystal system, which can he i1ndexed
as a body-centered cubic system* Hardness tests
indicate that i1t i1s extremely brittle and could be
responsible for the low temperature embrittlement

encountered In some ?1 alloys.
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