¢ Dem.

!

Y

.
|

2 ot g ol AP £ b rtrrlost 1 B Ko r Pogs W D4y e

NO. WAL 401/17
0.0. PROJECT NO. TB4-103B

SOME MECHANICAL AND BALLISTIC PROPERTIES
OF TITANIUM AND TITANIUM ALLOYS

R. K. PITLER
A. HURLICH




N
UNCLASSIFICS

SOME MECHANICAL AND BALLISTIC PROPERTIES
§ OF TITANIUM AND TITANIUM ALIOYS

WAL 401/17

0.0. PROJECT TBL-103B

Bt T

A 10 pro-

hlbited DT‘
ELECTE
R. K. PITLER
2nd Lt., Ord. Dept. MAY 2 & 1982 ,
A. HURLICH
Metallurgist B
S // 7, /
DISTEIBUTION STATEMENT A , / 7 / //
‘ I
Apptoved for public release : CO{?/IL/‘( )d: (4{ ,,/
Distribution Unlimited

T UNCLASS!FI‘TD




“ eO‘“ lBEle ’ 'f\l (This page is unclassified)

VATERTOWN ARSENAL LABORATORY

71 March 1950
Authorised by: RAD OEDTB 8-4687, 9 Jan. 19u8, ORDTB 9-10979,
11 May 1SL9

0.0. ProJject No. TBL-103B
Report Number: 401/17
Priority: 10
Title of 0.0. Project: Investigation of Properties of Titanium
WAL ProJject No: 10.478, 8.26G

TITLE

Some Mechanical and Balligtic Properties
of Titanium and Titanium Alloys

OBJECT

To conduct & preliminary eveluation of titanium metal and titenium
alloys, as an armor and as a structural material.

SUMMARY

Titanium metal and a few alloys of titanium procured from a number
of sources were subjected to various mechanical and ballistic tests in
order to evaluate their epplicability to Ordnance Hateriel in the form
of armor and s*ructural membere.

The mechanical teete included hardness memsurements, room and
elevated temperature tenesile tests, and notched-dbar impact tests over
a range of temperatures.

Sheet material was subJjected to ballistic teecte with fragment-
eimulating projectiles to compere their ballistic performance with
standard types of eteel armor employed in personnel ermor applicetione.
Plate material wan ballistically tested with scale model artillery-
type armor-piercing projectiles. Conventionsl steel armor having thick-
nesses Oof ecuivalent weight per unit armsa was also subjected to ball.stic
tests in order tc permit a comparison to be made between the balliestic
performance of t.tanium and steel armor.
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CONCLUSIONS

1. Tensile properties of titenium cen be varied widely by
alloying and heat treatment. For elevated temperaturs spplicatione
(avove 700°F), unalloysd titanium shows only limited promise.

2. The fact that higher strength-weight ratioe are possible with
titanium elloye than with sluminum and iron slloys makes titanium and ite
alloys of extreme intereet to the Ordnance Department in the development
of light-weignt Ordnance materiel,.

3. The titanium and ite alloye tested by notched-bar impact tests
all exhibit transitions of the type found in eteel; that 1s, an increase
in impact strength with increasing temperature over a moderately narrow
temperature range. This temperature range ie usumlly at higher temper-
atures for titanium than for heat treated alloy steel. This high trans-
ition temperature ies undesirable for epplications where toughneses ieg
required. Approximate traneltion temperatures for the titanium tested
are as follows: Buresu of Mines powder metellurgy producei titanium,
925°F; melted, cast and forged titanium, 100°F; titenium-chromium-
aluminum mlloy, 1250°F.

4. The strain hardening exponent of titanium is approximetely
0.1k, This velue is about the game as that for stesl, but lower than
that for copper.

5. In thin sheet form, the titanium ani its alloys which were
ballistically tested with fragment-simulating proJjectiles were inferior
to their equivalent weights of Hadfield manganese steel for use ae
personnel armor. The tests did, however, ehow gsome promise in that the
alloyed titanium epproachied the performance level of Hadfield mangenese
steel.

©. The thicker plates of unalloyed titanium which were ballistic-
ally tested both at 0% and L5® obliquity with scale rwidel artillery-type
projectiles were puperior to their equivalent weights of heat treated
alloy steel armor.

7. A good correlation exists between the notched-bar impact
properties and the ballistic characteristics of the unalloyed titanium
tested., Materiel having low toughness in the notched-bar impact test
exhibite a tendency to crack end back-spall,




8. The limited ballistic and mechanical teste conducted upon the
available titanium and titanium alloye Justify further investigation of
titanium alloys for avolication as armor and as & structural material

for Ordinance equipment.
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Data obtainable on the mechanical properties of unalloyed,
commercially pure titaniun have indicated that this material has a
high strength/weight ratio. This would make it of value to the Ordnance
Department especially if its properties -ould be improved by alloying
and heat treating, as ies poseible with steel.

Titanium and titanium alloys are r~~ hajng produced in commercial
puritiee by several companiu: using different methodes. Therefore,
titanium from a number of sources was evaluated in order %o compare
the properties of titanium produced by different methode as well as to
compare titanium with other materials now tsing used in Crdnance materiel.

Titantum was obtained from the U. S. Bureau of Mines in the form
of plates six inches wide, eix to eight inches long, and from one-eighih
to approximately three-quarters of an inch thick. Four plates of each
thickness were received. This material had beern produced in a powler
form by the magnesium reduction of titanium tetrachloride.: The powder
was pressed and, except in the case of the three-auartor inch plates,
tintered in vacuum at about 1000°C. The titanium wae then sealed in
iron sheaths, hot rolled at around 900°C and quenched from the rolling
temperature.

Bach pletve was numbered by the Bureau of Mines. Only those pieces
having the same identificetlon numbere were assumed to have tne same
chemical composition. Thie assumption was necessary because the type of
analyeis desired wae 8 gas tnriypis which is quite difficult to obtain
accurately on titanium. No auch analysis is available at the time of
this writing.

Titanium was also received from several other sources in limited
quantities. The first two of these pienes consigted of 0.080" thick
sheetes which had been prepared by Company B by induction melting sponge
titanium in a grapnite crucible anid forging and rolling the resulting
ingot to sheet. The original sponge had been produced by Company A.

A elmilar siueet was received from Company C, differing from the one
mentioned above mainly in the melting procedure. It, too, waes nelted from
Company A sponge, but it was arc melted in a water-cooled copper furnace
which excluded the possibllity of carbon pickup. All of the melting was
done under an inert atmosphere. Another sheet from Company C, prepared
from an arc-melted ingot, vae an intentional alloy of iron and chromium
and showed considerably higher hardness and less ductility than the sheete
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of commercimlly pure metal.

The lest 1ot of titanium wae received from Company D in the form
of a forged bar delideratsly alloyed with chromium and aluminum. Thie
ber was used only for impact and tenaile tests, being too small for
ballistic evaluation,

A tabulation of source, method of prsparatlion, identification
number, teste performed, and sire of the titanium ueed ie shown in
Table I. The chemical compositions of titanium metal and alloys are
listed in Table II. Microetructures of thess commercially pure samples
and alloy samples of titanium are contained in a report by Miss M. R.
Norton, which ie included ag Appendix B of thie report.

TEST PROCHDURE

Machenical Tepts

Mechanical test specimens were machined from one-eighth, one-
quarter, one-half and approximately three-quarter inch thick plates
from the Bureau of Mines, haeving tine sawme ilentification numbers as
those plates tested ballietically. Both longitudinal an4 transverse
test spocimene were obtained wherever tre amourt of raterial permitted.

Twenty V-notch Charpy bars (ten longitudinal ard ten trensverse)
ware obtained from each of the Buresu of Mines plates No. 286-157 and
No. PS~¢gn%-403. These bars were tested at temperaturees renging from
-319°F (-195°C) to 1472°F (800°C) by the use of liquid coolants for
temperatures below room temperature, a circulating eir furnece for
temperatures from room temperature to 572°F (300°C), and a tube furnace
for temperatures above 572°F. All specimena were kept at temperature
for twenty to thirty minutes and tested within five seconds after
removel from the coolant or furnace. Room temperature hardness reeldingse
were taken on those bars tested at room temperature, and at about 7O0°F,
900°?, 1100°F and 1L75°F to determine what permanent effect, if any, the
temperature had on the hardness.

From the material left after mechining of the Charpy bers several
tensile bare were chteined for testing at room temperature.

Bureeu of kines plete No, PS-25L-L02 was machined into ten longi-

tudinal and ten transverse 0.357 inch Aiameter tensile Lers for high
temperature, short time, tensile teste. One transverse bar and one
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longitudinal bar were pulled at each test temperature. The test
tempsratures varied from room tempsrature to 1000°F (538°C) in approx-
imately 100°F intervals. Room temperature hardnese readings vere
taken on the broken bdars.

To determine the effect of tempering on the quenched material,
Bursau of Kines plate No. P5-256-LOL4 was cut in helf and one-half was
tempersd in a salt bath at 1500°F (815°C) for one hour and air cooled,
Tensile and Charpy specimene were then machined from both the aged and
the unaged halves.

Pru¢ stress-true strain tests were made on one longitudinal
specimen and one transverse specimen from Bureau of Mines plate No.
§-297-.94. Thie test vas made at & strain rate of approximately 0.05
min.”]! Simultanecue 1oad and diameter measurements were made and the
true stresses and true strains were calculated from these measurements.

The forged Ti-Cr-Al alloy bar, No. X, was cut into twelve standard
Charpy V-notch specimens. The bare were tested at temperatures ranging
from -319°F (-195°C) to 1L81°F (805°C) in the same manner as described
before. Hardness teste were mads on all bars befors they were broken
and on gelected bares after fracture. From the remaining stock one
0.252 inch diameter and one 0.113 inch diameter tensile specimensverse
machined. These specimens were tested at room temperature. A troken
Charpy bar was-machined into a dilatometric epecimen and this was tested
in vec.am up tc 1742°F (950°C).

Prom the undamaged thin sheet left after ballistic testing
(Nos. 1 and 2, No. 106, No. 133), flat tensile specimens were machined.
Both longitudinal and transverse specimens were taken wherever the
amount of material permitted.

No accurate measurement of strain rates was made, but in the plastic
range the strain rates on tensile tests (except for the true stress-true
sirain test) were of the order of O.4 minutes.”

Balligtic Teste

Ballistic tests were conducted upon the sheet and plate material
as deacribed in Table 1. The sheet materials, varying from 0.065" to
0.080" in thickness, were balli.ticalig tested with the 17 grain caliber
.22 737 fragment-simaating projectile€since the materials in this range
of thickneas correspond closely in weight/sq. ft. of area with tie
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zateriale employed in the standerd types of personnel armor. The
ballistic properties of standard personnsl armor materiale have
previously been determined with the celider .22 T37 projectile. Some
of tne sheet materiale were aleo tested with the calidber .30 M1 sardine
ball ammunition in order to evaluate their reeistance to shock impact
of tragments of relatively large maes. f

The .117" and .2u3" thick titanium plates were ballintically
tested with caliber .30 M2 ball ammunition. Steel armor of these
thicknesses is customarily tested with caliber .30 ball ammunition,
reference U. S. Army Specificetion No, 57-115-11, "Armor FPlate: Steel,
Rolled, Homogenseous (1/8" to L))",

The .490" and .670" thick titanium pletes were ballistically !
tested at obliquities of 0° and Uy®, uaing the celiber .UM scrle mclels”
of the 90 M AP T33 shot which had been developed at the Wetertown
Arasenal Laboratory for use in scale molel ballistic stuiies connected
with terminal bmllistic reseerch programs.

In ad4ition, for the purpose of obtaining compareble terminel
ballietic data on conventional eteel arwor of thicknesees having the
same weight/unit area as the 490" and .07C" thick titanium pletes,
0.284" and 0.388" thick steel plates wera propared from a typical elloy
eteel armor plate®® heat trested to & heriness of 320 Brinell.

DATA & NISCUSSION

Tensile Tests

The results of short time tensile teste at both room and elevated
temperatures are tabulated in Table III and plotted in Figures 1, 2 ani 3.

—— -

* The caliber .l0 scale molel rrojectiles pre espct modele of the a0 MM
AP 733 (M77) monobloc projectiles. They are wnde of FXS-31§ Mn-Mo
steel and are completely quenchad out to martensite and then base
tempersd by high frequency induction heating to give a hardness pattern
varying from Rockwell C 02 in the nose ani ogive region, to Rockwell C 60
et the bourrelet, and tapering to Rockwell C !tH at the base. The
projectiles are fitted in plestic carriers eni fireil in celiber .u0 tubes.

** Compoeition: c Mn Cr Ni Mo Y . manufeciured by
26 .23 1.04  3.49 k2 .06 Company B, Heet
No. T2L296.
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The tensile strength of Bureau of Mines titanium Arope quite rapidly with
increasing temperature, leveling off slightly at about 600°F. The yield
strength drops almost as fast as the .ensile strength with increasing
temperatura, but levels off markedly at 500°F and drops only slightly
from 500°F to 1000°F. The curves shown in Figurs 1 closely parallel

those published by Remington Arms Co. except that the Remington material,
wnich was made by casting and rolling rather than bv tie powder metzllurgy
Jrocess, has slightly higher etrength at all tempornturo..S

Both reduction in a1 sa and elongation vaelues reach a maximum at
500°F, 4rop rapidly and then level off or increase.slightly before
dropping agein between JOO*F and 1000°F. Only two bars were broken at
each temperature and, because of the inhomogeneous nature of the material,
results were sometimes inconsistent. However, the close sgreement in ehape
of both the transverse and longitudinal elongation and reduction in area
curves would indicate that the erratic dehavior of these curves is not
4ue entirsly to scatter, but to the effect of temperature on the prior
heat treatment. Room temperature hardness readings on the tensile tars
tested at elevated temperatures snow too wide a scatter to draw any
conclusions about the possible aging or tempering etfect of the high
temperature tensile testing. However, the increase in scatter at the
higher temperatures- {especially in yield strength values) may be dus to
an aging, tempering or stress reliﬁf effect since no close control of
time at temperature was exercised.’ This effect might also account for
the erratic behavior of the elongation and reduction in srea curves shown
in Figures 2 and 3.

Tensile teste on the other titanium samples ware too few to give
anything but a rough indicetion of what to expect from material prepared
in 4ifferent ways. It is evident, however, that a wide range of tensile
strength and ductility combinations can be obtained by the proper alloying
of titanium.

From the listing of nominal strength/weight ratios of the commercially
pure metals and alloys of titenium, aluminum, and iron given in Table VI,
it can be seen tnat titanium compares very favorably with aluminum alloys
and steel. It is this fact which makes titanium of such potential value
to the Ordnance Department as A structural material in Ordnance equipment.

Notched-bar lmpact Tests

The results of the impact tests (see Table IV and Figure 4) made on
Plate No. S$-286-157 and No. PS-2%5-U03 from the Bureeu of Mines showed
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higher energy values for the one-half inch sintered plate than for the
three-quarter inch uneintersd plate. Transverse bar energy values

wers three to five foot-pounds lower than those of the longitudinal
bars showing slight directional properties due to rolling. Thia effect
was also noticeable on the plates tested ballistically as evidenced Dby
the transverse cracks shown in Figure 4, Appendix A. FHowever, the
“ransition temperatures” of both transverse and longitudinal dars of
titanium were approximately the same. This is got usually true of
transverse and longituidinal specimens of steel.

The variation of impact energy with tempsrature is slight on this
material up to about S00°F at which point the energy sbsorbed in
fracture rises and continues to 4o 80 until 950°F. At thie temperature
the energy value levels off sgain. BExcept for the color of the oxide
or nitride film formed, the fractured surfaces resembdle more closely
the "crystalline® fracture of eteel than they 4o the fibrous fracture
of stesl, although the resemblance is not exact. This is true regard-
less of the temparature of testing.

Because of the large temperature range over which a limited number
of specimens were tested, fewer points than desired were obtained at
temperatures around 950°F. However, the specimens tested do inidicate,
despite some acatter, a marked increase in impact strength over a
relatively emall temperature range. Whether this increase is due to
a transition from brittle to ductile fracturs could not be determined
from the appearance of the fractured surfaces, but it is conceivable
that the porosity of the raterial made visual classification of the
fractures impossible.

It is also possible that the difference in porosity between the
sintered and the unsintered plates caueed the difference in energy
levels shown in Figure 4. The unsintered plate would contain more
voids than the sintersd plate and therefors would show poorer impact
strength (see Appendix B, Fig. 6F and Fig. 7). This is shown in
Figure L. Differences in chemicel composition (primarily in nitrogen
and oxygen anslyses) could also account for the difference in energy
levels, but these differences could not be checked with the equipment
available.

Bo permanent hardness change occurred in the specimens during
heating, testing and air cooling which was not within the scatter of
readings on one specimen.




The 4rop ia impact energy at about 1500°F of one of ths specimens
frou Plate P8-255-U0% could be due to gas (oxygen or nitrogsn) adsorption
at the elevated temperature or to a defect in the bar itself. Any
porosity in the specimen cross-ssction behind the notch could maverially
affect the lmpect energy, and it wae probably variations of thie nature
which caused the scatter of results at the lowver temperatures. It is
interesting to note in comnection with this, that preliminary data on
cast and forged titanium included in Pigure 4 ghows much less scatter
than data from titaniup plate foraed from powder, probably because of
the more uniform nature of the cast mnterial.

This cast and forged material also sxhibits a much sharper
"transition" than dces the sheath rollsd plate.

For design purposes a low transition temperature ie preferable
to a high one because the lower the tranrition temperature, the lower
is the pinizun temperature at which the material will be tough in service.
This is cepecially important in material which will be used at iow Lemper-
aturse .

The titanium tested thus fer has a high transition temperature
when ccampared with most steels. However, if the transition temperature
oan de lowered by alloying or if the enargy level below the transition
temporature can be kept above about twenty foot-pounds, titanium will
become much more valuable &y a structural und as an armor materisl.

The date from which the Pemington Arme Co., Inc. originally plotted
a straight line is replotted in Figure L to show how a transition could
exist in the titanium they tested, but might B° unnoticed because of lack
of data above and below the transition rangs.

Impact date on ths titanium aelloy bar (No. X) are plotted in
Fig. 5. The energy valuse were quite low at tamperatures below 1200°F
(650°C) but abora this temperature they rose sharply. The fractured
surfaces of the specimens appeared brittle below 1200°F (6509C) ani
fibrous above 1270°F (087°C). Because of discoloration due to .
oxidation of the freshly broken surfaces the fractures of specimens
broken between these two temperatures were hard to claesify as either
brittle or fibrous. Hardaese tests indicated that some permanent change
waz occurring in specimens tested above 1110°F (600°C). Howsver, a
dilatometric test showed nn phaee change occurred below 17u2°F (950°C),
80 that the permanent softening wae believed due to a tempering or to y
an overaging effect.
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Tempering Treatment

Tre offect of a one hour heat treatment at 1500°F (215°C) in salt
followed by an alr cool on the Bureau of Minee Plate No. 2560-LOY 1ig
shown in Table V. The impact energy was lecreased while the hardness
rose slightly. Tensile strength rose slightly and yield strength
increased markedly.

These results seem to indicate an aging effect of some sort which
could be due to an impurity (probably iron, poesibly oxygen or nitrogen)
present.? Another possible explanation for the changes in tensile end
yield strengths may be thut stresses set up in the plece by rolling at
too low a temperature or quenching after rolling were relieved by the
tempering treatment. This effect could, as it does in steel, macerially
raiee the yield strength whiie only slightly increasing the tensile
ltrongth.u Bach or both of the above effects may account for the data
in Table IlI.

True Strass - True Strain Tests

Pigure © represents the data taken on two true stress - true scrain
tests made on sheath rolled Bureau of Mines titanium. The true stress
velue (s) wes ohtained from the ratio of load to actual area, and the
true strain (e) wae found by taking the natural logarithm of the ratio
of original area to actual area.

Thees data when plotted on a logarithmic scale fall on straight
lines, the equations of which are of the form s = Ke™ where K is a
proportionality conetant and m ies the slope of the stralght line, often
called the strain hardening exporent. The date teken on the longitudinal
specimen fall substantially on one straight l:ae (m = 0.l14) e4 shown in
Pigure 6. However, in the region of strains of 0.05 to 0.10 there seems
to be a sligtt drop in slope followed by a rise in slope, as indicated
by the data points. Because these variations were so small, only one
straignt line was drawn through the data points. The measurements on
the transverse bar, in contrast to thome on the longitudinal specimen,
showed two distinct lines of different slope, intersecting at a strain
of 0.045. The first line had a slope of only 0.065 while the second
line had the same slope as found on the longitudinal specimen, 0.lh.
Similar results showing two distinct lines hsve besn obtained by
Hollomon8 on steel and by French and Hibbard”’ on copper alloys.

The velus of strain hardening exponent (m = 0.14) for titenium is
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low in comparison with that of copper alloys (m = 0.4 to 0.6)7 end about
the same as that for most steels (m = 0.1 to 0.2).

Ballistic Tepts

The round-by-round record of the dallistic tests conducted upon
the titanium and steel armor plates as woll as photographs of the
fronts and backs of all plates tested are included in Appendix 4. A
summary of the results of the ballistlc teets is contained in Table VII,
and a comparison of the ballistic properties of titanium and steel armor
having the same weight/unit area is contained in Table VIII,

The data presented in Tables VII and VIII show that dead soft,
unalloyed titanium sheet material in the thickness range of 0,065" to
0,080" (equivalent in weight/unit area to 0,037" to 0.046" of steel)
is inferior to Hadfield manganese steel in resistance to penetration
by the caliber .22 T37 fragment-simulating projectile, The performance
of both the 0,080" thick titanium sheet manufactured by Company B, and
the 0.065" thick material panufactured by Company ¢ indicated good
ductility; the latter material performed, in addition, very well when
impacted by a caliber ,30 carbine ball at a velocity of 930 ft/sec (see
Pigures 2 and 3 of Appendix A).

The hard titanium alloy plate mamufactured by Company C (0.075"
thick, 325 Brinell) has e ballistic limit which approximates that of
the thickness of Hadfleld manganese steel having the same weight per
unit area, but the material 1s excessively brittle, cracking extensively
in the longitudinal directicn when impacted by calidber .22 T37 pro-
Jectiles, and fracturing longitudinally when impacted by a caliber .30
carbine ball at a velocity of 1010 ft/sec (see Pigure 2 of Appendix A).

The 1limited tests descridbed adbove indicate that titanium or
titanium alloys having hardnesses intermediate between the dead soft
condition and the hardness of plate No, 133 (325 Brinell) may have a
combinatioa of strength and ductility sufficient for geod ballistic
resistance to attack by fragments,.

Ballistic tests conducted with the caliber .30 M2 bell ammunition
upon the two thinnest plates manufactured by the Bursau of Mines in-
dicated excessive brittleness, with extensive cracking occurring in a
direction parallel to the 10l1ling direction (see Figure 4 of Appendix A).
In epite of the drittle behavior of plates Nos. S-301-273 and 8-298-252,
the latter plate, 0,243" in thickness, possesses a ballistic 1limit
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considerably in excess of heat-treated alloy steel armor having the
same weight/unit area (.140" thick) (see Table VIII).

The ballistic tests which were conducted upon the two thicker
titanium plates msnufactured by the Bureau of Mines and upon heat-
treated steel armor of equivalent weights/unit area demonstrate that
titanium, even as proceased by the powder metallurgy process which
does not confer optimum properties on the product, compares very
favorably with the best steel armor when subjected to tests with scale
mdel artillery type armor-piercing projectiles. In every case, both
at CO and 45° obliquity, the titanium plates had balllstic limits some-
what in excess of those of the steel plates of equivalent weight/unit
area (see Table II).

In view of the above results, the ballistic properties of properly
processed and heat-treated titanium alloys of higher strength levels
should be extremely promising.

I% is to be noted that s good correlation exists between the
ballistic performance of the two thicker titanium plates and their
mechanical properties. The thimmer plate, No. S-286-157, .490"
thick, showed relatively ductile performance in the ballistic test
and a moderately high energy absorption in the notched-bar impact
test, having an impact energy of approximately 20 ft. lbs. at room
temperature. . The thicker plate, No. 403, .670" thick, beck spalled
and cracked excessively (see Figure 6, Appendix A). This plate
showed an impact energy of only appraximately 5 ft. lbe. at room tempera-
ture. Thus, the same typs of correlation between ballistic anda mechani-
cal properties which has been demonstrated to hold for steel armor
seems to be applicable to titanium armor,

Since plate No. S5-286~157 had better toughness and did not back-
spall under ballistic attack, this plate had a considerably high
ballistic 1imit at 459 obliquity as compared to the equivalent steel
armor than dic the thicker, more brittle titanium plate have over its
equivalent steel armor.

The longitudinal cracking which occurred in sewveral of the titanium
plates tested is associated with the fact that these materials were
rolled into sheet or plate form by being worked and elongated
primarily in one direction. Similar undesirable directionality has
also been evidenced in straight-away rolled steel armor. It is
necessary to have well cross-rolled material for optimum ballistic
performance. The ballistic data reported herein should consequently
be assessed in the light of the more or less undesirable charactzrictics

13
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conferred upon the materials tested by unfavoradble processing tech-
niques used in their manufacture; namely, etraight-away rolling and,
in the case of the Bureau of Mines plates, the powder metallurgy

process used tc obtain the solid plates.

GENERAL CONSIDERATIONS

On the basis of strength-weight ratios, titanium and titanium
alloys compare very favorably with the aluminum alloys and with steels,
This relatively high strength-weight ratio is desiradble for most
engineering applications, and is even more desirable for aircraft or
Ordnance applicationa vhere decremsed weight means longer ranges or
greater mobility,

The notched-bar impact tests conducted on the materials investi-
gated provided information regarding the existence of a transition
from tough to brittle behavior over some tempnrature range as found
in the majority of steels, This is the firet known demonstration of
the above fac% since none of the available literature contains any
reference to a transition in impact behavior in titanium or its alloys,
It 1s believed that an extensive investigation of the influence of
alloying and heat treatment upon the impact energy level and the tran-
sition temperaturs should be undertaken, since many of the Ordnance
applications where titanium and its alloys appear to offer consider-
able promise demand a combtination of high etrength and high toughness.

The relatively meagrr ballistic data accurmlated as the result
of this study Jjustify an investigation, of a considerably enlarged
magnitude, into the applicability of titanium alloyes as armor. The
fact that soft, unalloyed titanium processed in a manner not conducive
to the development of optimum mechanical properties, nevertheless
had ballistic resistance characteristics at least as good as the
equivalent weights of good quality heat-treated alloy steel armor,
Justifies high expectations that titanium alloys may make sxcellent
armor materials,

The corrosion resistant properties of titanium are excellent.
Ezactly what this means in savings on maintenance, painting, plating,
and replacement costs cannot yet be transelated into dollar terms, but
{t seems evident that the use of titanium could make such savinge
appreciable,

1y
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TABLE 1

Titanium Metal and Titanium Alloys Tested

Description of Material

Type of Method of
Source Metal Preparation
Bureau Commer- Ti metal powder,
of Mines c¢ially compacted, pre-
pure T{ sintered, and
sheath rolled.
Bureau Commer- Ti metal powder,
of Mines cially compacted, pre-
pure T{ sintered, and
sheath rolled.
Bureau Commer- Ti metal powder,
of Mines cially compacted, pre-
pure T1  sintered, and
sheath rolled.
Bureau Coomer- Ti metal powder,
of Mines cially compacted, pre-
pure Ti sintered, and

gheath rolled.

$~298-252

$-287-194

Bo. of
Plates

Thick-
ness

3128

Tests Performed

4

2

L1177

.ou3n

Lugon

fixEn

4l

ENxEN

Enxkn

1 plate-Tensile
1 plate-Ballistic
& Hardness

1L plate-Tensile
1 plate-Ballistic
& Hardness

1 plate-V-noteh Im-
pact, Hard-
ness, and
Room and
Blevated
Cemperature
Tensile

1 plate-Ballistic
& Bordness

1 plate-True Stress-
True Strain
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TABLE I (con't)

Description of Material

Type of Nethod of Plate No. of Thick-
Source Metal Preparation Rumbar Plates ness Sige Tests Performed
Company Ti alloy Company A sponge, 133 1 .075% L%*x1>* Tensile, Hardness,
o] contain- arc melted & & Ballistic
ing Fe & alloyed in cop-
or per crucible,
cast, hot rolled,
& heat treated
Company T alloy Method of prep- X 1 «- 1/2%x Nstched dar im-
D contain- aration unknown, 1/2"x pact, Hardness,
ing Or & metal supplied 3on & Room Tempera-
Al, in form ol long ture Tensile

forged da:
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Iapact Data

Specimen: V-notoh Oharpy Bar. Bnergy in Foot Pounds

Toesting Ung;il Aged
Tenperature Transverse ongitudinal  Transverse Longltudinal

oy o¢

-40 - 40 3.8 5.3 3.1 4.6
19 26 3.6 5.8 2.8 4.6
212 100 5.8 9.2 4.6 8.9
342 172 6.9 9.2 6.4 9.4
Room Temperature Tensile Data
Specimeni 0.357 izch Diameter Bar
Unaged Aged
Trans-  Longl- Tans-  Longli-
voree tudinal voree tudinal
Tensile 3trength 83,500 81,000 86,400 85,700
Yield Strength
(0.1% set) 57,200 52,500 69,000 63,000
4 Elongation 9.5 14.3 8.6 13.8
% Reduction of Area  11.9 18.9 9.6 17.4

Bach value is the average of data from three tensile specimens.

Unaged Aged

Hardness 56 58
Rockwell A




TABLE VI
Oomparison of Titanium and T4 tanium Alloys
vEcE Yron and Aluninum and thelr Iﬂgﬂ

Metal Alloyed and

Commercially Pure Metal Hoat Treated
Al Yo M N RO

fensile Strength
4n psi 13,000 50,000 75,000 #8,000 230,000 203,000

Specific Oravity 2.7 1.87  L.54 2.8 7.9 4.6

Strength-Veight
Ratio 4,80 6,350 16,500 31,400 35,000 L, 000
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Figure 1 -

Figure 2

Figure 3 -

Figure 5 =

Figure 6 -

Figure 7 -

Figure 8 -

APPENDIX A

DETAILED RESULTS OF BALLISTIC TESTS ON
TITANIUM AND S A PLATES
AND

PHOTOGRAPHS OF PLATES AFTER BALLISTIC TESTING

Front and Back Viewsof Plate #106, Ti plate menufactured by
Company C

Front and Back Viewof Plate #133, Ti Alloy plate manufactured
by Company C

Front and Back Viewsof Plates #1 and 2, Ti plates manufactured
by Company B

Front and Back Views of Plates #5-301-273, S-298-252, Ti
plates mamfactured by Bureau of Mines

Front Views of Plates #5-286=-157 and 403, Ti plates
manufactured by Bureau of Mines

Back Views of Plates #5-286-157 and 403, Ti plates manu~
factured by Bureau of Mines

Front Views of Steel Armor Plates #1, 2, and 3. Heat
Treatead Alloy Steel Armor

Back Views of Steel Armor Plates #1, 2, and 3. Heat Treated
Alloy Steel Armor



APPENDIX A
GLOSSART QF SYMBOLS

PP - Partial Penetration

CP - Complete Penetration

PTP - Projectile passed through the plate

FPTP - Projectile failed to pass through the plate
MB - Medium bulge
LB - Large buige

CIP - Projectils stuck in plate
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APPENDIX A

DETAILED RESULTS OF BALLISTIC TESTS ON
TiTANIUM AND $ ARMOR

Plate No. - 106
Thickness - 0,065" 6" x 12

Description of Material - Arc melted titanium metal hot rolled inte
sheet. Manufactured by Company C.

Hardness - Rockwell B96 (214 Brinell)

Tested 17 grain cal .22 T37 fragment simulating projectile:

Round Striking Round Striking
No . Velocity f/s Result No. Velocity f/a Result
1 1330 CP,PTP 17 1030 PP,bulge
2 1220 CP,PTP 18 1105 CP,PTP
3 1275 CP,PTP 19 995 PP,3/8"
4 1265 CP,PTP crack on back
5 1w CP,PTP 20 1115 CP,PTP
6 1195 CP,PTP 21 1025 PP,1/8"
7 1235 CP,PTP crack on back
8 1125 CP,PTP 22 1100 cp,PTP
9 1095 CP,PTP 23 985 PP,1/4"
10 1055 CP,PTP crack on back
11 895 PP, bulge 2, 1060 PP, bulge
12 1150 PP,bulge 25 1080 CP,PTP
13 1065 CP, PTP 26 1090 PP,1/4"
L 1105 CP,PTP crack on back
15 1055 CP,PTP 27 1045 CP,PTP
16 1110 CP,PTP, 28 1030 CP,PIP
petal hinged 29 1025 CP,PTP
back 20 1035 PP,bulge

Protection Ballistic Limit (Vsp) = 1050 ft/sec
Tested with cal. .30 Ml carbine ball ammunition:

Round No. Striking Velocity f/s Result

1 930 PP,large bulge,
no crack

A-3




Adaglakd uiands akakaat
WATERTOWN ARSENAL

COMPANY C, PLATE 106, ,065" THICK TITANIUM AFTER BALLISTIC TESTING WITH CAL, ,22 T37
AND CAL. ,30 CARBINE BALL AMMUNITION, WIN,710-2454

FIGQURE |




3

Pla‘e No. 133
Thickness - 0.075" Size - 4" x 12¢

Description of Material - Titanium Alloy; arc melted, hot rolled, and
heat treated. Manufactured by Company C.

Hardnees - Rockwell C 33.5 (315 Brinell)

Tested with 17 grain cal. .22 T37 fragment simulating projectile:

Striking
Round No. Velocity f/s Result

1 Velocity lost PP, 1 1/4" crack through
impact

2 1270 PP, 1 3/8" crack through
impact

3 1335 PP, 1 3/4" crack through
impact

4 Velocity lost PP, 4 1/2" crack through
impect to edge of plate

5 1520 PP, 2% crack through im-
ract to edge of plate

é 1590 PP, 1 1/2" crack to edge
of piate

Protection Ballistic Limit - above 1590. £t/sec

Tested with cal. .30 ML carbine ball ammunition:

Striking
Round No. Velocity f/s Resu).t
1 1010 Plate broke longitudinally
into 2 large and 3 small
pleces
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WATCATOWN ARSENAL

COMPANY C, PLATE 133, ,075" THICK TITANIUM ALLOY AFTER BALLIST IS TEBTING Wity CAL, ,22
T37 aND CAL. .30 CARBINE BALL AMMUNIT (ON, WIN.710-2455

FIGURE 2




Plate No. 1
Thickness -~ 0.080" Size ~ 6" x 6"

Description of Material - Graphite crucible cast titanium metal,
hot rolled into sheet. Manufactured by

Company B.
Hardness - Rockwell B93 (197 Brinell)

Tested with cal. .22 T37 fragment simulating projectile:

Striking
Round No. Velocity /s Resulta

1 1140 PP,bulge

2 1250 PP,bulge

3 1340 PP, 5/16" and
3/1é6" cracks

4 1555 PP, Petal hinged
back

5 1725 CP,PTP

6 1550 CP,PTP

7 1650 CP,PTP

8 1570 CP,PTP

9 1575 CP,PTP

10 1590 CP,PTP

11 1520 CP,PTP

1 1565 CP,PTP

13 1590 CP,PTP

pvA 1530 CP,PTP

15 1530 CP,PTP

N
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Plate No. 2
Thickness - Same as Flate #1 Size - 6" x 6"

_Description of Material - Same as Plate #1, Manufactured by Company B

Hardnees - Same as Plate #1

Tested with Cal., .22 T37 fragment simulating projectile:

Striking
Round No. Velocity ft/sec Result
1 1510 cp,PTP
2 1475 CcP,PTP
3 1440 CP,PTP
4 1515 CP,PTP
5 1390 PP, bulge
6 1400 PP,3/8" crack
7 1420 CP,PTP
8 1430 PP,3/8" crack
9 1325 PP,1/4" crack
10 1320 PP, 5/16" crack
1 1430 CP,PTP
12 1335 PP, 3/16" and

1/4" cracks
Protection Ballistic Limit (V50) = 1445 £t/mec.

A-6



FRONT PLATE | BACK

WATERTOWN ARSENAL

COMPANY 8, TITANIUM PLATY

ES AFTER BALLISTIC TESTING wiTh CAL ,
PROJECTILES,

77 T37 FRAGMENT SIMULATI WG
wWIN, 71 =cay7

FIGURE 3




Plate No. - 3-301-273
Thickness - 0.117" Size - 6" x 6"

Desoription of Material - Powder metallurgy product, sheath rolled in
iron. Manufactured by Bureau of Mines.

Hardnesa - 171 Brinell

Tested with cal. .30 M2 ball ammunitions

Striking
Round No. Velocity f/s Results
1 €60 PP, slight bulge
2 1055 CP,FPTP,1 3/4% -

longitudinal crack

1/2" - transverse crack
3 1055 cP,FPTP,1 7/8% -

longitudinal erack

3/8" - transverse crack
4 910 CP,FPTP,1 1/2% -

longitudinal crack.

Army Ballistic Limit - 885 ft/sec.




Plate No. S=298-252
Thickneas - 0,243" Size - 6" x 6"

Description of Material - Powder metallurgy product, sheath rolled
in iron, Manufactured by Bureau of Mines

Hardness - 192 Brinell

Tested with cal. .30 M2 ball ammunition:

Striking
Round No. Velocity f/s
l 1670
2 1800
3 1880
4 2010

Army Ballistic Limit - 1840 ft/sec

A-8

Results

FP,MB,
5/8" Longitudinal
crack

PP,MB,
1" longitudinal
erack

CP,LB,
star cracks,
punching started

CP,5/8" and
1/4" piece broken
out




FRONT PLATE NO, 5 = 301 = 273 C,1¢7" THICK 84 CK

FRONT PLATF NO. § = 2QR ~ 252 0.743" Tuick

BUREAU OF MINES BHEATH-ROLLED TITANIUM AF

BACK

TER BALLISTIC TESTING wiTH CALIBER ,3C M2
Wi, 71 =243

FIGURE 4



Plate No. S-286~157
Thickness - 0.490" Size - 6" x 6"

Description of Material - Powder metallurgy product, sheath rolled in
iron. Manufactured by Bureau of Mines

Hardness - 170 Brinell

Tested with cal. .40 scale models of 90 MM AP T33 shot:

Striking
Round No. Obliquity Velocity f/s Results

41 oo 1360 PP,CIP,LB,star cracking

42 (o1 1700 CP,PTP,petals thrown
off back

43 oo 1345 FP,CIP,star cracks,
puaching started

44 0o 1330 PP,CIP,star cracking

50 0° 1510 CP,PTP,petals thrown
off back

45 450 1645 PP,SB, no cracks

46 450 2240 PP,SB, no cracks

41 459 2170 PP,SB, no cracks

48 45° 2460 Cl;,SPTP;exit 13/16" x
5 L]

49 459 2390 CP,PTP,exit 13/16" x
9/16n

Protection Ballistic lLimit - 00 obliquity - 1435 ft/sec

Protection Ballistic Limit - 450 obliquity - 2315 ft/sec
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Plate No. 403
Thickness - .570" Size - 6" x 8"

Description of Material - Powder letallurgy product, sheath rolled in
iror. Manufactured by Bureau of Mines

Hardness - 207 Brinell

Tested with cal. .40 scale models of 90 MM AP T33 shot:

Striking
Round No. Obliquity Velocity f/s Results

25 o° 1760 Struck edge of plate;
disregard

26 0° 1720 PP,CIP,MB,star cracks
on back

27 0° 1765 PP,CIP,MB,star cracks
on back

28 0° 1780 PP,CIP,MB,star cracks
on back

29 o® 1860 cP,PTP,1 1/8" x 1 1/16"
back spall

30 0o 1800 PP,LB,star cracks, back
spall started

31 459 2845 PP,M3,1 3/8" longitudinal
crack in back

32 450 2950 CcP,PTP,1 1/4" x 1"
back apall

33 450 2850 PP,MB,1 1/4" longitudinal
crack in back

34 45° 2950 cP,PTP,1 3/8" x 1 1/4"
back spall

Protection Ballistic Limit - 0° obliquity - 1830 ft/sec

Protection Bsllistic Limit - 450 obliquity - 2900 ft/eec

A=10
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Plates #1 and #2

Thickness - 0.284 Size - 6" x 9"

Description of Material - Heat treated alloy steel armor plate
Hardness - 320 Brinell

Tested with cal. .40 acale models of 9OMM AP T33 shott

Striking
Round No. Obliquity Velocity f/s Results
1 0° 1735 CP,PTP,petalling
2 00 2170 CP,PTP,petalling
3 0o 1360 PP,IR
4 o° 1320 PP,Disregard, projectile
yawed
5 Qo 1760 CP,PTP,petalling
6 oo 1805 CP,PIP,petalling
7 Qo 2025 CP,PTP;petalling
35 oo 2670 CP,PTP,petalling
36 Qo 2790 CP,P1P, petalling,
petals all off
37 0° 1000 PP, MB
38 0o 1210 PP,MB
39 0° 1500 CP,PTP,petalling
40 0o 1465 CP,PTP, petalling
, 51 0° 1555 CP,PTP,petalling
.- 52 00 2030 CP,PTP,petalling
' 53 0° 1565 CP,PTP,petalling
54 0o 1135 FP,MB
55 oo 1420 CP,CIP,petalling
g 459 2215 CP,CIP
9 450 2115 CP,PTP
10 45° 175 PP, MB
1l 459 1870 PP,MB, knocked out
Round #8
12 45° 1980 PP,LB, 1/4" crack
on back
13 450 2220 CP,PTP
L 450 2195 CP,FPTP,base intact
in plate
15 459 205 PP,MB

Protection Ballistic Limit - 0° obliquity - 1390 tt/sec
Protection Ballistic Limit - 45° obliquity - 2080 ft/sec
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Plete No. 3
Thickness - 0.388"

Hardness - 320 Brinell

Size - 6" x 9"

Tasted with cal. .40 8cale models of 90 MM T33 shot:

Round No, Obliquity Striking Velocity f/s
L\ 16 0o 1635
17 00 1735
18 Qc 1805
19 0° 1800
20 4509 2865
2 450 3120
22 459 2900
23 459 3080
24 450 2950
56 45° 2260
- 57 45° 3065
58 459 2740
59 459 2505
60 459 2885

Degscription of Material - Heat treated alloy steel armor plate

Results

PP,LB

PP,lB,star crocking
CP,CIP,petaliing
PP,CIP,star cracking,
nose of projectile
visible

PP,1B

CP,PTP,exit 1/2" x
1/2n

CP,PTP,exit 1/2" x
7/16"

CP,PTP,exit 9/16" x
1/2n

CP,PTP,exit 5/8" x
5/8"

PP,\B

CP,PTP,exit 5/8" x
/16"

Disregard, too close
to Round #57
CP,PTP,exit 1/2" x >
1/2n

CP,PTP,exit 7/16" x
7/16"

Protection Ballistic Limit - 0° obliquity - 1805 ft/aec

Protection Ballistic Limit - 459 obliquity -~ 2875 ft/sec
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APPENDIX 3

MICROSTRUCTURAL CHARACTERISTICS
or
SEVERAL TITANIUM AND TITANIUM ALLOY SPECIMENS

WAL L01/16

0.0. PROJECT TB4-103B

M. R. NORTON
Metallurgist



WATERTOWN ARSENAL LABORATORY

Authorized by: RAD ORDTB 8-9687, 9 Jan 1948 24 May 1950
ORDTB 9-10979, 11 May 1949

00 Project No.: TBU-103B

Report No.: u01/16

Priorisy: 1¢

Title of 00 Project: Investigation of Properties of Titanium
WAL Project No.: 10.478

TITLE

Microstructural Characteristics
of
Several Titanium and Titanium Alloy Specimens

OBJECT

To obtain and descride the microstructures cf specimens of titanium
and titanium alloys acquired by this Laboratory inm preparation for and
in connection with investigations of the properties of titanium.

SUMMARY

Microstructures of a number of titanium and titanium alloy epeci-
mens have been recorded. Polishing and etching techniques for such
specimens have been outlined and discussed. The microstructures have
been descrided in detail and in some cases, have been compared with pubd.-
lighed protomicrographs. Special discussion has been devoted to those
specimens for which physical and ballistic test data are presented in
Repors No. WAl Lo1/17.

CONCLUBIONS

1. Metallographic techniques for titaniue end its alloys can with-
stand considerable improvement. Further work on this subject is con-
sidered essential.

2. The microstructures of the two commercially pure titanium
plates obtained from melted titarium sponge contain equiaxsd grains
of alpha $itanium and an unidentified phase. The structurs may be
sasocizted with good physical and ballistic properties.




F ki

3. The microstructures of the four commercially pure titenium
plates odtained from titanium metal powder disvlay excensive lack of
uniformity. Structures are mostly mixtures cf equiaxed alpha titaniu-
and acicular alpha titanium. They compare unfavorably with pulblished
structures of similar material. The structures are generally asso-
ciated with inferior impact data and witk crackirg during ballistic
testing. Cne plate vas an exception.

L, The Fe-Cr titanium alloy possesses & severely banded structure.

This condition may be associated with longitudinal cracking ia bdallietic
test.

5. The Cr-Al ctitanium alloy has an extrenely inhomogeneous €truc-

ture. This complete lack of uniformity is refiscted in ooor impact
properties.

T K et

M. R. NORTON
Metallurcist

APPROVED:

J. L. MARTIN
Director of laboratory




INTRODUCTION

Thie report containe a record of metallographic data obtained on an
assortment of titanium and titaniup alloy specimens which became availabdle
from time to time during the past ‘- par. The work was initiated in anti-
cipation of the current Laboratory program for svaluating the properties
of titanium, e program in which structure studise are essential. The
original intent wes to acquire experience wvith metallographic techniques
for titanjum. It developed, later, tha® a Laboratory investigation of the
physical and ballistic properties of titanium had included tests on much
of the sesme material. Thus it seems advisable to present the group of
microstructures obtained to date as an adjunct to Report Ko. WAL LU01/17.
Results of sdditional experiments with metallographic techniques vill be
incorporated in a future report.

The material used in these studies is described below. An asterisk
indicates the items for which physical property data are recorded in
Report ¥o. YAL 401/17. fThe available chemical compositions are liated
in Table II of the adove-mentioned report.

Identifi- Microstructure
cation As Illustrated
Source Received Type of Metal Method of Fabrication in
Co. Y None lodide T4 rod 3/8" T4 deposited on Figs. 1A, 1B

J nm ¥ wire cold
swaged to 3/16" diam.
(approx.)

Qo. © Tone Commercially Company A sponge melt- Pigs. 2A, 2B
pure T1 sheet o4 in water-cooled
Qu erucible, hot
rolled to 0.0R"

Qo. B ¥one Commercially Company A sponge melt- Fig. 3
pure T4 sheet ed in grephite, roll-
ing practice unavailadle

Oo. T* #8-301-273 Oommercially T4 powder, compacted, JFigs. YA, LB
pure Ti sheet presintered and sheath
rolled to 0.117"

Co. T* ¢8-298-25%2 Oommeroially Ti powder, compacted, 7Pigs. 5A, 53
pure Ti sheet prosintered and sheath
rolled to O,2u3"

Co. T* #8-286-157 Qommerciully Ti{ powder, compacted, Figs. 6A,6B,
pure T1 sheet ©presintered and sheath 6C,6D,6E,67
Tolled to O.4gO%

A _em




Identifi- Microstructure

cation As Illustrated
Source Received Tvpe of Metal Method of Fabrication in
Co. Y* ¢$P8-2R%-U03 Commercially T{ powder, compacted, Figs. TA,7B,
pure Ti sheet sheath rolied, with 7C.7D,78, 77
no presinter, to
0.670"
Co. C* #1133 Ti alloy con- Company A sponge, arc Figs. 8A, 8B,
taining Fe melted and alloyed in gC,8D,83

and Cr sheet Cu crucidle, cast, hot-
rolled to 0.075" and
heat treated

Co. D* X T4 alloy con- Method of preparation JFigs. 94,9B,
taining Cr and unavailable 9C,9D,9K,
-Al metal -- Te- 9r,9G,9H,
ceived as-forged 91

bar 1/2%x1/2%x30"
* Same as material used for Report No. WAL u01/17.

DATA AND DISCUSSION

Metallographic Polishing

Some elaborate practices for polishing titeninm and its alloys have
been published recently. The pricedure ueed for the present study did not
differ great)y from conventional methods. Care in applying the procedure
was found to be highly eassential.

Initial gurfacing was accomplished with a Blanchard grinder on a wet
surface grinder, removing sufficlently any miterial affected by the cut-
off wheel. Samples were then ground on $#240, $320, and $400 grit eilicon
carbide abrasive papers followed by (1) polishing with one or more grades
of dlamond powdsr or (2) by additional grinding with extremely fine alu-
mimum oxide papers ($500, $#600, and $#800 grit). Final polishing was
always effected with carefully levigated alumina.

By avoiding procedures which induce deep, deformed layers of metal
1t was found that titanium does not require repeated polishing and etch-
ing to remove such layers. (This is true of other metals, too.) The
possidle effect of polishing on the microstructure was suspected in tvo
cases, as will bYe noted later. Ths improvement of polishing techniques
continues to be one objective in the current investigation of the metal-
lography of titanium.

Ch o L



Etching*

With the metallography of titanium end ite salloys still 1n the de-
velopment stage, there are at present no standardized etchante for these
metals. Lacking handbook information, it becomes necessary to depend upon
carrent literature for suggested etching reazents or to devise new ones.
Pudblications emenating from the Bureau of Mines®, Battﬁlle Memorial
Instituté , Remington Arms3, and P. R. Mallory Company”, indicate a
preference for hydrofluoric acid in various concentrations as well a3
mixtures of hydrofluoric acid end nitric acld. One British papar5 on the
tensile properties of titanium illustrates the use of a bolling, 508
aqueous, soclutiom of hydrochloric acid.

Two etchante were employed to obtain the microstructures descrited
below, namely, hydrofluoric acid and a 50% aqueous solution of hydro- !
chloric acid. When concentrated, the hydrofluoric acid attacked the
metale rather severely. Etching timees of one to twenty seconds proved
to be more than adequate for most specimens. Plates Nos. $-286-157 and
PS-255-U407, however, required an immersion of eight minutes &and $ min-
utes respectively before satiucture was revealed. The 50% aguecus solu-
tion of hydrochioric acid was found to be more easily handled when ueed
hot instead of boiling and the attack was sufficiently effective. Thie
solution revealed atructure in eeventy seconds on the two plates which
had required five and eight minutes immersion in hydrofluoric acid. Con-
versely, the specimens wvhich were etched for shorter times in HF required
a longer immersion in the hot, 50% hydrochloric acid wsolution.

Tests of the mixed-ascids reagent will be made as the work progresses.
There appesrs to be a definite need for some experiments to diecover
adequate etching reagents for titanium and titanium alloys. Mr. ¥. P.
Clancy of this Lauvoratory has recently obtained come interesting pre-
liminary results with alkaline-base etchants. Further investigation of
these solutions s teing pursued.

Btructure of Swaged lodide Titanlum Rod

This rod was received in the an-swaged condition. It had been manu-
factured oy Company ¥, and had consisted of & 3/8" deposit of Htanium
ona 3 mm tungsten wire core. Swaging had reduced the dlameter approxi-
mately 50%. No heat treatments or physical teste of this material have
been conducted during the present investigation.

Figure 1A (X200) shows the structure as revealed by hot, 50% HCl.
The Widmanstatten-like structure in the lower left corner indicates the
tungsten core. It is surrounded by a circular area of fine ostructure
which suggests that diffusion of the tungsten may have occurred. & line

* See Page 10




of small, white areams may be seen extending horicontally to the right of
the core. Above and below thie line more white patches out line regions
which may represent the grains of the originally depoeited metal,

Figure 1B (X200) shows the structure produced by concentrated EF on
the same sample. Note that the vhite patches of Figure 1A are now dark.
The core meterial, too, has been blackensd appearing smaller than it does
in Figure 1A, The fact tlmt these two constituents are no¢! identical was
indicated by another etching treatment. A mixture of H;0, and NaCH left
the entire specimen, except the core area, unattacked.

In both Figures 1A and 1B the microstructure mppears as a disorgan-
iged mass resulting from the deformation during svaging. It is planned
to heat treat some of this material to produce equiaxed gruins.

Commercially Pure Titanium 8heet

The structures of Figures 2A and 2B (X200) were obtained from ti-
tanium sheet which had been made by Company C from Company A titanium
sponge, melted in a water-cooled copper crucible and hot-rolled to
0.05%. Both 50% ECl and :.oncentrated FF revealed squiaxed grains of
alphs titanium. The details within these grains give rise to specula-
tion. They appear as dark needle-1ike streaks in Figure 2B. Upon care-
ful examination one may see similar lines within the grains of Figure 2A.
This feature of the structure resembles the unidentified precipitate
vhich Jaffse and Campbelll observed in iodide titanium and which they
attributed to deformation during polishing. The material is not likely
to be a carbide phase becavse the metal vas melted in a vater-cooled
copper crucidle. Evidence of what might be considered carbide is shown
in Figure 3, vhich portrays the structure of another commercially pure
titaniun sheet. In this case, the Company A sponge was melted by Company
B in graphite. The dark spots and elongated black streaks visidle in
the microstructure might wvell be carbides. They ciffer fror the needle-
like particlee in Figure 2B, 1In addition; they bear no resemdlance to
the evidence of deformation one might expect to stem from polishing.
S8ince both eamples were of a similar hardnees and were subjected to the
same polishing procedure, one should expect to find polishing effects
in Yoth. The absence of so-called polishing effects in Figure J indicatee
that the unidentified details in Tigures 2A and 2B may be valid portione
of the microstruoturs. There remains the possidility that the dark de-
tails are nitrides. The chemical composition of the sheet ie not avail-
able, Jurther study will be devoted to the etructural details of this
specimen.

The titanium sheet structure illustrated in Figure 3 displays grains

which ars similar to, but somevhat larger than, the grains in the titanium
sheet structure of Figures 24 and 2B, No physical test data or bdallistic
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data wvere obtained for these esheete. The sheets are, howvever, simile-
to Sheets Nos. 1, 2, and 106 for which test results are recorded in
Report No. WAL 401/17. Ballistic tests indicated that plates of this
nature have good ductility.

Commercially Pure Titanium Sheet Prepared from Titanium Metal Powder

1. Plate No. 8-301-273

This plate, manufactured by Company X, was obtained from titarium
metal powder, presintered and sheath rolled to 0.117" thickness. The
microstructure of a transverse section, etched with HF 1is presented in
Figures 44 and LB (X200). Figure 4B, which typifies the canter of the
plate, shows the structure to be predominantly acicular alpha titanium
(the structure resulting fron the transformation which occurs during the
quenching of beta titanium). The remaining structurs is equiaxed alpha
titanium. 7The latter was apparently unaffected during the rolling pro-
cess, Figure UA showa the structure at the edge of the plate. At the
very outer surface there ia & thin structureless layer. The region con-
sists of a mixture cf alpha titanium and acicular alpha titanium with
more areas of the former than are present at the plate center. Ballistic
data for this material, recorded in Report No. WAL 401/17, indicate that
it 1s brittle and tends to crack in the direstion parallel to rolling.

2. Plate No. §-298-2R2

This plate, manufactured by Compan, X, was obtained from titanium
metal powder, presintered and sheath rolled to a thickr.ess of 0.243%,
Microstructures may be seen in Figures 54 and 5B (X200). Like Plate o,
8-301-273, this plate has a mixed microstructure. Here, however, the
equiaxed alpha areas predominate, the remaining areas bdeing acicular
alpha titanium. The small) black spote indicate a porosity which was
absent in the thinner plate. Ballistic data for this naterial are re-
corded in Report No. WAL L0O1/17. It behaved well from the standpoint
of penetration, but displayed brittleness and a tendency to crack in
the directi on parallel to rolling.

3. Plate No. 8-286-15]

Ti.is plate was manufactursd by Company X from titanium metal powdsr
compacted, presintered and sheath rolled to 0.490" thiockness. Micro-
structures of transverse and longitudinal sections, revealed both with
hot, 50% HC1 and with EF, are presented in Figures 6A, 6B, 6C, 6D, 6B
and 6F (X200). Again the structure is inhomogeneous. Clear areas of
alphs titanium are mized with other areas containing sharp lines re-
sembling slip lines. The latter could be due to mechanical deformation




during polishing.. These lines persisted after the specimen had been re-
ground and re-etched, between acid etchee. They were likewise visidle
when the specimen was etched with an alkaline reagent. The plate is less
porous than Plate No. S-298-252 (Figure 5). Impact and ballistic data
are recorded for this plate in Renort No. WAL 401/17. The ballistic data
are superior and the energy level in impact ie higher than that for the
other powdered metal plateg tegted.

4, Plate No. PS-255-403

This plate was manufactured by Company X from titanium metal powder,
compacted, sheath rolled, with no presinter, to 0.670" thickness. Micro-
structures of transverse and longitudinal sections revealed both with hot,
50% HC1l and concentrated HF, are shown in ¥igures TA, 7B, 7C, 7D, 7B, and
TF. The structure is less uniform than that of any of the four plates
made from metal powder. It consists chiefly of areas of alpha titanium
alternating with areas of acicular alpha titanium. Coneiderable porosity
is also preaent. All these conditione may be due to the lack of pre-
sintering of this plate. Ballistic data and impact data for the material
are recorded in Report No. WAL 401/17. The plate 1s inferior, ballistic-
ally, to Plate No. $-286-157. It also dieplays a low impact energy.

The microstructures of all four plates made from titanium metal powder
are outstandingly lacking ip uniformity.. They bear practically no resem-
blance to the published photomicrographs® of plates mads by a similar
process. Poor physical properties might well be expected from these in-
homogeneous materials.

Titanium Alloy Contailning Fe and Cr

Thie titanium alloy sheet, manufactured by Company C, was prepared
from Company A titanium sponge, arc melted in a copper crucible, cast,
hot rolled to a thickneee of 0,075", and heat treated. Microstructures
are shown in Figures BA, 8B, and 8C at X200, and in Figures BD and 3E at
X1000. The plate was severely banded., One peculiar band, approximately
0.0075" in width, wae observed about 0.0075" from the plate edge. The
band is visidble in Figures 8A and 8B, after the sample wae etched with
concentrated HF, and in Figure SF after an etching with 5% HF. The struc-
ture at the center of the sheet appears in Figures £C and 8D. Note the
light constituent which has been elongated in rolling and the gray arsas
which seem to contain a fine structure similar to that of the band as eeen
in Figure SL. Ballistic data for thie hard alloy sheet are given in Re-
port No. WAL 701/17. It had good balliatic properties, but was dbrittle
and cracked longitudinally. The reason for the lonmgitudinal cracks is
strongly evidenced by the banded microstructure.




Titanium Alloy Conteining Cr and Al

The metal was received in the form of a firged bar 1/2"x1/2"x30" long.
Ho procesaing history 4s available. The microstructure of this material
is likewise characterised by extreme inhomogeneity. It is illustrated
in Figures 9A (X10), 9C (X200), 9B (X1000), 9F (X1000), 90 and 91 (X3000).
The unetched surface of this titanium dbar displayed a largs number of
angular particles as shown in Figure 9B (X200) and 9D (X1000). The par-
ticles meem to be harder than the matrix and are on a slightly different
level. Consequently they appear slightly out of focus when the etched
structure is observed. Acid etching does not attack thess particles.

Figure 9A (X10) represents practically the entire cross-section of
the bar. The structure has an off-center appearance which suggests lack
of uniform response to working of the metal. The light and dark areas
of Pigure 9A are shown again in Figure 9C (X200). The nature of the light
areas is revealed in Figure 92 (X100 and PFigure 91 (X3000). They consist
of grains such as one might expect to find in a conventionally melted
titanium alloy. The grains have a needle-like structure. The dark areas,
on the other hand, display a structure typical of a povdered metal com-
pact. Representative views are presented in Figure 97 (X21000), 90 (X3000),
and 9H (X3000). Xigure 9E it similar to Figure 9G, except that it vas
photographed with oblique illumination. In this illustration the smooth
looking background areas of Figure 9C are shown to consist actually of
¢lusters of fine particlea, These particles are smaller than the large
angular ones visidle on the unetched surface. The angular particles might
possibly be composed of titanium nitride. The excessive momuniformity of
microstructure could have been caused by incomplete melting. The poor
microstructure s reflected in the extremely low impact values recorded
for thias specimen in Report No., WAL LO1/17.




Composition of Etching Reagents

50% aqueous solution of HCl:

50 parts by volume HCl-specific gravity 1.19 (37.6%)
50 parts by volume H0

Concentrated HF:
RF-specific gravity 1.15 (48%)

5¢ EF:

5 parts by volume concentrated HF-specific gravity 1.15 (usg)
95 parts by volume H50

E,0, and NaOH:

10 cc - 10% aqueous solution NaOH
5 cc - 3% Hy0p
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