Constitutive Properties of Hard-Alpha Titanium

K.S. CHAN, L. PEROCCHI, and G.R. LEVERANT

The flow and fracture behavior of hard-alpha Ti was studied as a function of nitrogen content, stress
state, strain rate, and temperature. Hard-alpha Ti specimens with nitrogen contents ranging from 2
to 11.6 wt pct were fabricated by powder-metallurgy techniques. Stress-strain curves were obtained
under various states of stress by performing uniaxial compression, indirection tension, indentation,
and plane-strain compression tests at two strain rates. By varying the test technique and the specimen
geometry, deformation and fracture in hard-alpha Ti was characterized for mean pressures as high as
6 times the flow stress. Most of these tests were conducted at 954 °C, but some were performed at
25 °C, 927 °C, and 982 °C. The experimental results indicated that, during compression testing at
927 °C to 982 °C, hard-alpha Ti exhibited substantial plastic deformation for nitrogen contents less
than 4 wt pct, but showed brittle fracture with little plastic flow for nitrogen contents of 5.5 to 11.6
wt pct. Both the yield and fracture strengths increase with increasing nitrogen content and pressure,
but decrease with increasing temperature. The yield strength increases with strain rate, while the
fracture strength shows little or no rate sensitivity. The fracture strength in tension is substantially
lower than that in compression. These observed deformation and fracture characteristics are explained

on the basis of microcrack formation during inelastic deformation.

I. INTRODUCTION

PREMIUM -grade titanium alloys, formerly processed
by double vacuum arc remelting (VAR) and now processed
by triple VAR, are used for fan and compressor rotors and
disks in aircraft jet engines. Occasional upsets during pro-
cessing can result in the formation of nitrogen-rich alpha
titanium (also referred to as hard-alpha in this article), which
is brittle and often has microcracks and microvoids associ-
ated with it. The hard-alpha anomalies were measured to
contain 3.5 to 14.8 wt pct N and up to 2.5 wt pct O.1 A
chemical or compositional definition of hard-alpha does not
exist, but it is generally accepted that hard-alpha contains
at least a few weight percentages (e.g., 3 to 4 wt pct) of
nitrogen. The only defining characteristic of hard-alpha Ti
is that it has a high hardness, which is influenced, in addition
to N, by other interstitials and alloying elements also.
Although rare, the hard-alpha anomalies have led to uncon-
tained engine failures that resulted in fatal accidents such
as the incident at Sioux City in 1989.

As a result of the accident at Sioux City, the Federal Avia-
tion Administration (FAA) requested in 1991 that industry,
through the Aerospace Industries Association (AIA), review
available techniques to see whether a damage-tolerance
approach could be introduced to produce a reduction in the
rate of uncontained rotor events. The industry working group
concluded that additional enhancements to the conventional
rotor-life-management methodology could be estab-lished
that would explicitly address the hard-alpha anomalous condi-
tions. In response to the AIA recommendations, the FAA
“Titanium Rotating-Component Review Team Report,”?! and
the AGARD (Advisory Group for Aerospace Research and
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Development),” National Aeronautics and Space Administra-
tion,! and United States Air Force!>® experience and recom-
mendations on damage-tolerance concepts and operational
experience for gas turbine disk alloys, the FAA in 1995 funded
an industrial team, which consists of Southwest Research
Institute, Allied Signal (which is now Honeywell), Rolls-
Royce Allison, General Electric (GE), and Pratt & Whitney,
to develop a probabilistic-based, damage-tolerance design
code to augment the current safe-life approach for life man-
agement of commercial aircraft gas turbine rotors/disks. The
design code is not intended to replace existing design methods,
but to provide an additional tool that the engine manufacturers
can use for reliability assessment.

Under the sponsorship of the FAA, the industrial team
has developed a probabilistic design methodology for treat-
ing hard-alpha defects in Ti rotors. A supplementary effort
has involved the development of a microcode that is incorpo-
rated into a commercial finite-element forging code
(DEFORM*) to allow tracking of the size, shape, and defor-

*DEFORM is a trademark of Scientific Forming Technologies, Colum-
bus, OH.

mation histories of hard-alpha defects during forging of Ti
alloys from ingot to rotor geometries. The development of
the microcode required the constitutive properties of hard-
alpha Ti as a function of nitrogen content, stress state, strain
rate, and temperature. While there have been studies on the
phase transformation,!”! phase formation,'® processing route
and microstructure,® nondestructive inspection,®!%! and
elastic properties,''”! there is only limited information on the
flow and fracture properties of hard-alpha Ti. The tensile
fracture stress and the compressive flow stress were mea-
sured by Gigliotti for hard-alpha Ti samples having 2.5 and
3.54 wt pct N, respectively.!'!] To the authors’ knowledge,
no other published data on the flow and fracture properties
are available. Because of this, this work was undertaken
to develop an extensive constitutive-properties database for
hard-alpha Ti.

The objective of this study was to establish the constitutive
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Table I. Nitrogen Contents and Young’s Modulus of

Synthetic Hard-Alpha Ti Specimens

Specimen Nitrogen Content, Wt Pct E, GPa (954 °C)
2N 2.0 414
4N 4.0 28.3
6N 55 51.0
9N 94 82.1
12N 11.6 124.8

properties of hard-alpha Ti for various nitrogen contents and
stress states at several temperatures and two strain rates. The
nitrogen contents investigated ranged from 2 to 11.6 wt pct
N. Within this range of nitrogen contents, hard alpha is com-
prised of a single-phase a-Ti (hcp) with nitrogen in solid
solution or a two-phase microstructure of @-Ti and Ti,N,®!2
depending on the nitrogen content and temperature. This range
of nitrogen contents has been motivated by field data, which
show that the nitrogen content in the diffusion-affected zone
neighboring hard-alpha anomalies is about 2 wt pct, while
the nitrogen content in the hard-alpha anomalies can be as
high as 12 wt pct. The constitutive properties investigated in
this study include the elastic modulus, yield stress, fracture
strength, and flow stress of intact as well as damaged (frac-
tured) materials. The development of constitutive relations
between inelastic deformation and damage accumulation in
hard-alpha is presented else-where.!'*!

II. EXPERIMENTAL PROCEDURES

A. Material

Synthetic hard-alpha ingots were prepared at the GE Cor-
porate Research and Development Laboratory by melting a
titanium metal sponge and TiN (titanium nitride) powder in
a nonconsumable arc melter. Each of the ingots was melted
3 times. The ingot was turned over and weighed between
each melt. Subsequently, the arc-melted hard-alpha alloy
ingots were hot isostatically pressed (hipped) at 1200 °C
under 207 MPa pressure for 4 hours to close any solidifica-
tion porosity. The hipped ingot was then cut by electro-
discharge machining (EDM) to yield two thin diametrical
slices (each <2.5-mm thick). One slice was metallographi-
cally polished and examined to assure microstructural homo-
geneity. The other slice was cut (for example, with a diamond
saw) into small pieces for chemical analysis. Oxygen analy-
sis was carried out via a fusion technique (LECO*), while

*LECO is a trademark of LECO Corporation, St. Joseph, MI.

nitrogen analysis was performed via acid dissolution and
titration (Kjeldahl). Analysis of the nitrogen content in
weight percent, for the synthetic hard-alpha, is shown in
Table 1. All compositions reported in this article are in
weight percent.

Test specimens were fabricated from the hipped ingots
by EDM. The compression test specimens were 6.4-mm-
diameter cylinders, 12.7 mm in height. The indirect-tension
specimens were thin disks 9.5 mm in diameter and 3.2-mm
thick. Both the indentation and plane-strain compression test
specimens were 6.4 mm cubes. After EDM, the flat surfaces
of the test specimens were ground. They were then etched
in a solution of 60 vol pct distilled water, 30 vol pct nitric
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acid, and 10 pct hydrofluoric acid to clean surfaces, followed
by a rinse in propanol. All the specimens were tested in
the as-received condition at SOUTHWEST RESEARCH
INSTITUTE* after inspection for surface cracks.

*SOUTHWEST RESEARCH INSTITUTE is a trademark of Southwest
Research Institute, San Antonio, TX.

The microstructures of hard-alpha with 2, 4, 5.5, and 11.6
wt pct N in the as-received condition are presented in Figures
1(a) through (d), respectively, which show two-phase micro-
structures containing alpha Ti and titanium nitride (Ti,N).
The amount of Ti,N in the microstructure increases with
increasing N content. According to a published phase dia-
gram,!'?! the microstructure of hard alpha should be com-
prised of a-Ti and Ti,N for 2 to 12 wt pct N at temperatures
below 500 °C, which is qualitatively in agreement with the
results shown in Figure 1. At the test temperatures (927 °C
to 980 °C), hard-alpha specimens with 2 and 4 wt pct N are
expected to be in the a-Ti phase field, while those with 5.5,
9.4, and 11.6 wt pct N are expected to be in the two-phase
field of a-Ti and Ti,N.!!%

B. Constitutive Testing

The constitutive behavior of hard-alpha was characterized
as a function of temperature, strain rate, nitrogen content,
and stress state. The stress state was varied by employing
different testing techniques and specimen geometries. As
summarized in Figure 2, the constitutive tests include (1)
uniaxial compression, (2) indirect tension (Brazilian test),
(3) indentation, and (4) plane-strain compression. Indirect-
tension tests were preferred over conventional tensile tests,
because it is extremely difficult to fabricate tensile specimens
of hard-alpha due to its brittleness. The procedures of the
various constitutive tests are described subsequently.

1. Compression tests

Compression tests were conducted on cylindrical bars 6.4
mm in diameter and 12.7 mm in height. Testing was con-
ducted in a servohydraulic testing machine equipped with
aninduction heating unit. To eliminate friction, boron nitride,
a spray lubricant, was applied to the interface between the
silicon carbide loading blocks and the test specimen. The
test temperatures were 927 °C, 954 °C, and 982 °C, while
the strain rates were 0.01 and 1 s~!. The nitrogen contents
of the test specimens were 2, 4, 5.5, 9.4, and 11.6 pct nitrogen
by weight, as shown in Table I. All tests except those for
the 2 pct N specimens were conducted under displacement-
controlled conditions, because of little or no plastic flow in
these materials. The 2 pct N specimens exhibited substantial
plastic deformation, so testing was conducted under com-
puter-controlled constant-strain-rate conditions. Load-dis-
placement data were measured using a computer data
acquisition system and were subsequently converted into
stress-strain data.

2. Indirect-tension tests

The indirect-tension (Brazilian) tests were conducted by
compressing circular thin disks on edge using the same
experimental setup described earlier for the compression
tests. The disk specimens were 3.2 mm in thickness and 9.5
mm in diameter. Small cracks were detected in some of the
disk specimens prior to testing, and they were not used.
Testing was performed on crack-free specimens of several

METALLURGICAL AND MATERIALS TRANSACTIONS A



.

)

Fig. 1—Microstructures of hard-alpha in the as-received condition: (a) 2 wt pct N, (b) 4 wt pct N, (¢) 5.5 wt pct N, and (d) 11.6 wt pct N.

nitrogen contents at 954 °C under a strain rate of 1 s™!. One
test was performed on a specimen (B6N-A) with a small
crack oriented perpendicular to the compression axis. This
small crack was closed during testing and did not affect the
test result. For comparison, one test was also performed at
a strain rate of 0.01 s™!. Load-displacement curves were
measured up to fracture, which occurred at the center of
the specimens

3. Indentation tests

Indentation tests were conducted on 6.44-mm cube speci-
mens using a silicon carbide indentor and the same experi-
mental setup used in the compression tests. The indentor
was semispherical, with a 1.5-mm radius. Indentation tests
were performed on specimens with five different nitrogen
contents (2, 4, 5.5, 9.4, and 11.6 wt pct N). All tests were
conducted at 954 °C under displacement-controlled condi-
tions that corresponded to average strain rates of 1 and 0.01
s~L. Load was measured as a function of indentation depth,
and the test was terminated when a large load drop occurred
or after the indentation depth exceeded a distance equal to
the radius (1.5 mm) of the indentor. For the 2 pct N speci-
mens, the indentor penetrated completely into the hard-alpha
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without causing cracking or fracture to the cube specimen.
For higher nitrogen contents (>4 pct N), large cracks formed
at the center of the specimen, causing it to fracture into
several small pieces.

4. Plane-strain compression tests

Plane-strain compression tests were conducted by com-
pressing a flat plunger onto a 6.4-mm cube specimen in a
die with a rectangular channel that prevented expansion
of the specimen in the width direction. Schematics of the
apparatus for the plane-train compression tests are presented
in Figure 3. Testing was performed at ambient temperature
under constant displacement rates. The compliance of the
servohydraulic test system was first obtained for the strain
rates of interest, which were 0.01 and 1 s™'. Plane-strain
compression tests were then performed, and load-displace-
ment data were measured. After testing, the compliance
curve was then subtracted from the measured load-displace-
ment data to obtain the actual load-displacement response
of the test specimen. Plane-strain compression tests were
performed for the 2N, 4N, 6N, and 9N specimens at 1 s™!
and for the 2N, 4N, 6N, 9N, and 12N specimens at 0.01
s~1. All tests were conducted beyond the maximum load
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(a) Uniaxial compression of a cylindrical
bar specimen

(c) Indentation of a cube specimen by
an indentor with a semi-spherical tip

(b) Indirect tension by compressing a
thin disk on edge

Specimen

%/ /%me
% //Spacers

(d) Plane strain compression of a cube
specimen

Fig. 2—(a) through (d) Testing techniques used to characterize the stress-strain behavior of hard-alpha under various stress states.

where the specimen fractured, and the straining was contin-
ued until the applied load dropped to almost zero. Postfrac-
ture straining was necessary to characterize the damage-
induced softening response of the hard-alpha under con-
strained conditions.

C. Results

1. Compression tests

Table II summarizes the results of the compression tests.
The table includes the test temperature, strain rate, yield
stress, fracture stress, and mode of failure. The initial slope
of the stress-strain curves for compression tests was used
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to determine an approximate Young’s modulus for hard-
alpha. These results, summarized in Table I, show that the
Young’s modulus of hard-alpha increases with increasing
nitrogen content. In uniaxial compression, hard-alpha Ti was
ductile at 2 wt pct N, but fracture intervened during plastic
deformation at 4 wt pct N. The measured flow stress and
ultimate fracture strength were consistent with the GE data
for 3.4 wt pct N,l'!I which are also shown in Table II.
Hard-alpha Ti failed by fracture without appreciable plastic
deformation, for nitrogen contents at or greater than 5.5 wt
pct. The stress-strain curves of hard-alpha Ti, for compres-
sion at 954 °C under a strain rate of 1 s~, are presented in
Figure 4, while those for a strain rate of 0.01 s~ ! are shown

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 3—Schematics of the plane strain compression test apparatus: (a) top
view and (b) side view.

in Figure 5. Hard-alpha Ti with 11.6 wt pct N failed by
fracture under compression at 927 °C, 954 °C, and 982 °C
and a strain rate of 1 s™!, as presented in Table II.

2. Indirect-tension (Brazilian) tests

Five Brazilian specimens were tested by edge compres-
sion of thin disks. Two of these specimens contained 2 wt
pct N, which were very ductile and did not fail by fracture.
As a result, the tensile fracture stress was not obtained for
the 2 wt pct N material. The remaining three crack-free
Brazilian specimens were tested, and they failed by elastic
fracture, yielding valid values of the fracture stress. One
specimen that contained a very small crack near the edge
was also tested, with the known crack aligned normal to the
applied compressive stress. A summary of the Brazilian
tests is presented in Table II. Tensile-test results from GE
Corporate Research and Development for hard-alpha with
2.5 wt pct NI are also included in Table II.

The load-displacement curves for the indirect-tension tests
of hard-alpha Ti are shown in Figure 6. The result for 2 wt
pct N was that it was very ductile and did not fail by brittle
fracture. All other specimens failed by brittle fracture when
tested by indirect tension. For specimens that failed by brittle
fracture, the elastic-stress analysis!!'* was used to analyze
the data. According to this analysis, the tensile fracture stress
at the center of a thin disk under edge compression is one-
third of the peak compression stress applied at the edge.
Using this method, the peak load at fracture was used to
calculate the tensile fracture stress at the center of the disk,
and the results are summarized in Table II. A comparison
of the tensile fracture strength against those specimens in
compression indicates that hard-alpha Ti fractured at a sub-
stantially lower stress in tension (35 to 72 MPa) than in
compression (489 to 725 MPa).

METALLURGICAL AND MATERIALS TRANSACTIONS A

3. Indentation tests

Indentation tests of hard-alpha Ti were performed as a
function of nitrogen content at 954 °C for displacement rates
of 0.254 and 25.4 mm/s, which corresponded to approximate,
average strain rates of 0.01 and 1 s™!, respectively. One test
was also performed at 982 °C for hard-alpha Ti with 11.6
wt pct N. A summary of the indentation tests is presented
in Table II together with the compression, Brazilian, and
plane-strain compression tests.

Figure 7 shows a plot of the average pressure vs the
average strain, for the indentation tests at 954 °C under a
strain rate of 1 s~!. Hard-alpha Ti with 2 wt pct N was
ductile and exhibited plastic flow without fracture when
tested by indentation. With 4 wt pct N, hard-alpha Ti exhib-
ited plastic flow and localized fracture after yielding. For
nitrogen contents >5.5 wt pct, hard-alpha Ti showed fracture
with little plastic flow.

The indentation test results were analyzed using a method
attributed to Tabor'"! and Dieter.!'8! For a perfectly plastic
material, the average pressure (P) for indentation by a spheri-
cal indentor under full plasticity conditions is related to the
flow stress (Y,) at a given strain, according to

Y, = P2.8 (1]
and the corresponding strain is given by!!>16]
e = 0.2(dID) [2]

where d is the diameter of the indentation and D is the
diameter of the indentor. Equations [1] and [2] were used
to obtain the yield and fracture stresses and the average true
strain and strain rate of hard-alpha Ti during indentation,
respectively, assuming that constrained yielding occurred
under the indentor during indentation of both low- and high-
nitrogen materials. The diameter of the indentation (d) was
approximated by the penetration depth or displacement.
These assumptions were justified and supported by the
plane-strain test results, to be discussed in the next section. A
summary of the yield and fracture stresses for the indentation
tests is presented in Table II, together with the compression
and Brazilian test results.

4. Plane-strain compression tests

Plane-strain compression tests were performed at ambient
temperature by compressing the test specimen in the channel
die beyond the maximum load, to characterize the softening
response due to damage and microcracking. Ambient-tem-
perature tests were used because of the complexities of high-
temperature testing. In addition, the plane-strain tests were
intended to characterize the fracture stresses of hard-alpha
with a high nitrogen content as a function of strain beyond
the maximum load. Since the hard-alpha specimens with
high nitrogen contents (>5.5 wt pct) failed by brittle fracture
in compression at 927 °C to 982 °C, the room-temperature
tests were considered adequate for characterizing the frac-
ture-stress values at various levels of strain beyond the maxi-
mum load. As it turned out, the fracture stresses measured
at the peak load were found to be insensitive to the test
temperature. Engineering stress-strain curves for hard-alpha
Ti are shown in Figures 8 and 9 for strain rates of 0.01 and
1571, respectively. Engineering stress-strain data for the 2N
material are not shown in Figures 8 and 9, because the
material did not fracture when loaded to the maximum load
capacity of the test machine. The stress-strain curves of the
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Table II. A Summary of Yield Stress (oy) and Fracture Stress (o) of Hard-Alpha Ti Tested In Compression, Indirect
Tension, Indentation, and Plane Strain Compression
N, Strain oy, oy,

Specimen T,°C Wt Pct Rate, s™! MPa MPa Type Comment
2N-A 954 2 1 207 >300 C yielding, no fracture
4N-A 954 2 1 469 489 C yielding, no fracture
6N-A 954 5.5 1 e 555 C fracture, no yielding
9N-A 954 94 1 — 725 C fracture, no yielding
12N-A 954 11.6 1 — 661 C fracture, no yielding
GE (3.4 wt pct N) 954 3.4 1 346 432 C yielding, GE datal'!!
4N-B 954 4 0.01 230 320 C yielding/fracture
ON-B 954 9.4 0.01 e 696 C fracture, no yielding
12N-C 954 11.6 0.01 — 786 C fracture, no yielding
12N-D 927 11.6 1 — 812 C fracture, no yielding
12N-E 982 11.6 1 — 611 C fracture, no yielding
B2N-A 954 2 1 — — B yielding, no fracture
B4N-A 954 4 1 — 35 B fracture, no yielding
B4N-B 954 4 0.01 — 31 B fracture, no yielding
B6N-A 954 5.5 1 — 35 B fracture, no yielding
BON 954 9.4 1 — 49 B fracture, no yielding
GE (2.54 wt pct N) 954 2.54 —_— 43 72 T yielding/fracture, GE datal'!’
S2N-1 954 2 1 462 — I yielding
S4N-2 954 4 1 874 874 I yielding/fracture
S6N-1 954 55 1 — 1074* I fracture
SON-1 954 9.4 1 — 1611* 1 fracture
S12N-1 954 11.6 1 — 1425%* I fracture
S12N-4 954 11.6 1 — 1496* I fracture
S4N-1 954 4 0.01 478 — I yielding/fracture
S12N-2 954 11.6 0.01 — 796* I fracture
S2N-3 25 2 1 — —_ P no yielding, no fracture
S2N-4 25 2 1 — — P no yielding, no fracture
S4N-4 25 4 1 — 558 P fracture, no yielding
S6N-3 25 55 1 — 532 P fracture, no yielding
SON-3 25 9.4 1 — 852 P fracture, no yielding
S4N-3 25 4 0.01 — 573 P fracture, no yielding
S6N-2 25 55 0.01 — 590 P fracture, no yielding
SON-2 25 94 0.01 — 805 P fracture, no yielding
S12N-5 25 11.6 0.01 — 885 P fracture, no yielding
S12N-6 25 11.6 0.01 — 805 P fracture, no yielding

C: Compression tests, T: tensile tests, P: plane strain compression tests, B: Brazilian tests (indirect tension tests), and I: indentation tests.
*Results based on pressure/2.8.
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Fig. 4—Compression stress-strain curve of hard-alpha Ti for five different
nitrogen contents in weight percent. Tests were conducted at 954 °C under

a strain rate of 1 s71,
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Engineering Strain
Fig. 5—Compression stress-strain curve of hard-alpha Ti for three different

nitrogen contents in weight percent. Tests were conducted at 954 °C under
a strain rate of 0.01 s™L.
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Fig. 6—Load-displacement curves of indirect tension tests of hard-alpha
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Fig. 7—Experimental results of average pressure vs average strain for
indentation of hard-alpha Ti with various nitrogen contents.

plane-strain compression tests in Figures 8 and 9 show that
the applied stress in a typical stress-strain curve increases
linearly with displacement until a maximum stress is
reached. Subsequently, the applied stress decreases almost
linearly with increasing displacement. The load drop beyond
the peak load was the consequence of the formation of
microcracks and fractures by plane-strain compression. Fur-
ther straining led to comminution of the test specimens and
a very low flow stress at large strains. The flow stress is
thought to arise from frictional sliding of the comminuted
particles.

Figure 10 shows a comparison of the test specimens with 4
and 11.6 wt pct N before and after plane-strain compression.
Before testing, the 4 wt pct N specimen was in the form of
a cube of intact material, but it became a rectangular block
of compacted powders after testing. Removing the specimen
from the test fixture caused some powders to separate from
the block for the 4N material (Figure 10(a)). The 5.5, 9.4,
and 11.6 wt pct N test specimens disintegrated into small
particles and fine powders when they were removed from the
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Fig. 8—Comparison of engineering stress-strain curves of hard-alpha Ti
with various nitrogen contents tested by plane strain compression at a strain
rate of 0.01 s™".
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Fig. 9-—Comparison of engineering stress-strain curves of hard-alpha Ti

with various nitrogen contents tested by plane strain compression at a strain

rate of 1 571,

test fixture, as shown in Figure 10(b) for the 12N material.
It appeared that in all cases, the specimens were totally
comminuted after deformation but were held together by
friction. Removal of the specimens from the test fixture
caused some of the comminuted particles to separate from
the specimens.

D. Discussion

1. Deformation and fracture characteristics

The deformation and fracture characteristics of hard-alpha
test specimens at 954 °C or 982 °C are summarized in Figures
11(a) through (c) for compression, Brazilian, and indentation
test specimens, respectively. In all three cases, the hard-
alpha having 2 wt pct N was ductile and deformed without
fracture. The hard-alpha Ti having 4 wt pct N exhibited
plastic flow followed by fracture, while the hard-alpha Ti
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Fig. 10—Comparison of tested and untested plane strain specimens of hard-
alpha Ti for two nitrogen contents: (a) 4 pct N and (b) 11.6 pct N.
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Fig. 11—Geometries of deformed and fractured hard-alpha specimens com-
pared to the as-fabricated condition: (a) compression specimens, (b) indirect
tension (Brazilian) specimens, and (c¢) indentation specimens.

having 5.5 wt pct N or greater fractured into small fragments
without showing evidence of plastic flow.

A close-up comparison of the compression specimens
with 2 wt pct N (2N) and 4 wt pct N (4N) indicated the
absence of apparent cracks or voids in the 2N specimen and
the presence of voids and cracks in the 4N material. In the
Brazilian tests, the cylindrical disk of the 2 wt pct N material
(B2N) was flattened into a more rectangular shape without
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Fig. 12—(a) Fractured indentations specimen and (b) microcracks at the
bottom of the indent for hard-alpha with 4 wt pct N tested at a relatively
high strain rate (1 s™1).

causing cracking, while cracks formed in the center of the
flattened disk in the 4 wt pct N material (B4N). Thus, there
was a large change in the fracture behavior when the nitrogen
content increased from 2 to 4 wt pct N. Indentation of the
hard-alpha Ti with 4 wt pct N showed strain softening after
yielding at both 0.01 and 1 s™! strain rates. Examination of
the deformed and fractured specimens of the 4 wt pct N
material indicated the presence of several large cracks which
fragmented the test specimens. In addition, many micro-
cracks were also observed at the bottom of the indentation,
suggesting that the softening effect was probably the conse-
quence of damage or microcracking associated with defor-
mation under the indentor. The fragmented specimens and
the microcracks at the bottom of the indent are shown in
Figure 12 for the strain rate of 1 s™!. No fractographic
analysis was performed to the fractured hard-alpha speci-
mens, but cleavage fracture was expected to be the dominant,
if not the only, fracture mode, because of the brittleness of
hard-alpha at high nitrogen contents.

The flow stress of hard-alpha with 2 pct N is dependent
on the mean stress (pressure), even though microcracks are

METALLURGICAL AND MATERIALS TRANSACTIONS A

not apparent. The pressure-sensitive flow behavior is con-
trary to the pressure-insensitive flow behavior exhibited by
ductile metals. To better understand this pressure-dependent
flow behavior, metallography was performed on sectioned
Brazilian, compression, and indentation test specimens. The
results show the presence of microcracks and voids in the
Brazilian test specimen (Figure 13(a)). Voids are present in
the compression specimen as well as in the material below
the indent in the indentation specimen (Figures 13(b) and
(c)). Compared to the as-received specimens, there were
considerably more voids in the deformed specimens. These
voids were probably pre-existing porosity or were formed
as the result of the reopening of previously closed pores
during deformation at a low hydrostatic pressure. Despite
the presence of voids, there were no cracks in the compres-
sion and indentation specimens (Figure 13(b) and (c)). Thus,
the microcracking process appears to occur at low hydro-
static or confining pressures, but is suppressed at higher
pressures.

The opening and closure of microcracks by hydrostatic
pressure appears to be the source of the pressure-dependent
plastic flow behavior observed in the hard alpha. This type
of pressure-dependent plastic flow has been observed in rock
salt'7-1%! and other brittle solids.?*-?%! The physical and
mechanical aspects of this phenomenon are well understood
and analyzed.['20-2%! The failure mechanism is essentially
a pressure-dependent cracking process. When compressing
a brittle solid at low hydrostatic or confining pressures,
inelastic flow can take place in the form of sliding of bound-
aries, interfaces, or crack surfaces. A local tensile-stress field
exists at the tip of a sliding shear crack or interface. This
local tensile stress can cause the formation of a pair of
cleavage cracks, referred to as wing cracks, at the tips of
the shear crack. These wing cracks are aligned parallel to
the axial (loading) direction in uniaxial compression, and
their propagation results in a low failure stress and cleavage
fracture. The same cracking process operates when a confin-
ing or hydrostatic pressure is present. A high confining or
hydrostatic pressure, however, can suppress the formation
of the wing cracks or prevent them from propagation if they
are formed. Because of the suppression of the wing-crack
formation by a high confining or hydrostatic pressure, a
solid that is brittle in uniaxial tension or compression can
deform plastically at high confining or hydrostatic pressures.

For very brittle materials such as hard-alpha containing
a high nitrogen content (>5.5 wt pct N) or ceramics such
as alumina'®® and B,C,?”?% the materials are comminuted
during deformation under a high confining pressure. The
communition process appears to be delayed by a high confin-
ing or hydrostatic pressure. After the onset of fracture, the
“flow” or fracture stress decreases as the number of commi-
nuted particles increases with increasing deformation (Fig-
ures 8 and 9). Eventually, a lower-bound flow stress is
reached when total comminution has been reached, and the
material deforms by frictional sliding along the interfaces
of the comminuted particles.

This failure mechanism is consistent with the experimen-
tal observation of increasing yield and fracture strengths of
hard-alpha with increasing hydrostatic pressure. As shown
in Table II, the fracture strength of hard-alpha is about 35
to 49 MPa under indirect tension, but is about 489 to 661
MPa in uniaxial compression. The fracture strength is further
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Fig. 13—Damage process in hard-alpha with 2 wt pct N: (@) microcracks
in the Brazilian specimen, (b) voids in the compression specimen, and (c)
voids in the indentation specimen.
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Fig. 14—The flow stress (¥) and fracture stress (¥;) of hard-alpha increases
with increasing pressure, P. All parameters are normalized by the flow or
fracture stress for uniaxial compression.

increased to 874 to 1496 MPa under confined deformation
by indentation. At lower nitrogen contents (<4 wt pct),
where plastic deformation is also present, the yield strength
of hard-alpha also increases with increasing hydrostatic
pressures.

2. Effects of pressure

The fracture strength (Y;) determined for a given stress
state was normalized by the fracture strength (Y,) for uniaxial
compression. The results are plotted as a function of pres-
sure, normalized by Y,,, in Figure 14. The pressure is calcu-
lated as one-third of the sum of the principal stresses, as
given by

1
P = 3 (o1 + o + 033) (31

where o1, 04, and g3 are the principal stresses. The values
of the ratio P/Y, are 0.045, 1/3, and ~6 for indirection
tension, uniaxial compression, and indentation, respectively.
The semilog plot in Figure 14 indicates that Y/Y, increases
linearly with log (P/Y,). As discussed earlier, the fracture
stress increases with hydrostatic pressure because micro-
cracking is suppressed by a high pressure.

3. Effects of nitrogen content

The dependence of the flow and fracture stresses on the
nitrogen content of hard-alpha is delineated in Figure 15.
Both the flow stress and the fracture stress increase with
increasing nitrogen content, but the rates of increase are
different, as shown in Figure 15. The flow stress of hard-
alpha is lower than the fracture stress at nitrogen contents
below 4 wt pct N. The slope dY/dN is higher for the flow
stress, and the flow stress exceeds the fracture stress for
nitrogen contents higher than 4 wt pct N. As a result, fracture
precedes plastic flow when the nitrogen content of hard-
alpha is greater than 4 wt pct N.

The addition of N to Ti stabilizes the «-Ti phase and
increases the flow stress through interstial solute strengthen-
ing. At high nitrogen contents, a two-phase microstructure
of a-Ti and Ti,N is formed in hard-alphas. At the elevated
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Fig. 16—Flow stress of hard-alpha with nitrogen content =4 wt pct
increases with increasing strain rate.

test temperatures (927 °C to 982 °C), the hard-alpha con-
tained a two-phase microstructure of a-Ti and Ti,N for nitro-
gen contents >5.5 wt pct N, but contained single-phase a
for nitrogen contents <4 wt pct N. Thus, it appears that the
effect of N on the flow and fracture behavior of hard-alpha
is the result of the formation of the brittle Ti,N phase in
the microstructure.

4. Effects of strain rate

The effects of strain rate on the flow and fracture stresses
of hard alpha are summarized in Figures 16 and 17, respec-
tively. The result indicates that the flow stress of hard-alpha
increases with increasing strain rate (Figure 16) for materials
with less than 4 wt pct N. On the other hand, the experimental
data for uniaxial compression and plane-strain compression
indicate that the fracture stress of a hard-alpha specimen
having a nitrogen content greater than 5.5 wt pct N is insensi-
tive to the strain rate for the narrow strain rates tested in
this study (Figure 17). The fracture stress obtained by the
indentation technique shows an apparent rate sensitivity,
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Fig. 17—Fracture strengths of hard-alpha Ti at two strain rates show little
or no rate dependence.

which is not fully understood and could actually be a mani-
festation of the pressure effect.

5. Effects of temperature

The fracture stress of hard-alpha with 11.6 wt pct N is
relatively insensitive to temperature in the range from 927
°C to 982 °C (Table II). Comparison of the plane-strain
fracture stress (845 MPa) at ambient temperature with that
for uniaxial compression (812 MPa) suggests that the frac-
ture stress may be independent of temperature from 25 °C
to 927 °C. For hard-alpha with a nitrogen content =4 wt
pet, the flow stress is sensitive to the test temperature and
strain rate, as shown in Figure 16.

6. Constitutive relations
As described in detail in a separate publication,!'* the
flow or fracture stress of intact hard-alpha is given by

,\91
Y, (X + Z log (;))m + ¢o &) (1 + dy (f—) )
e 0

(4]

Y,

where

Y, = flow or fracture stress
Y, = flow or fracture stress under uniaxial
compression
P = pressure = (07 + 05 + 03)/3 (compression
is positive)
o, = von Mises effective stress
& = strain rate
&, = reference strain rate
& = strain
X and Z = constants related to pressure effects
¢o and ¢; = constants related to strain-hardening effects
dy and d; = constants related to strain-rate hardening

and o, 0,, and o3 are the principal stresses. In Eq. [4], ¥,
is the flow or fracture stress of hard-alpha under uniaxial
compression; this parameter is considered a function of the
nitrogen content only. The second term in the right-hand
side (RHS) of Eq. [4] represents the increase in the flow or
fracture stress with increasing pressure. Strain hardening
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and strain-rate hardening are represented by the third and
fourth terms on the RHS of Eq. [4], respectively. The parame-
ters X, Z, co, ¢y, dy, and d; are model constants which are
evaluated from experimental data. The reference strain rate
(&¢) can be taken to be 1 s™! for convenience.

Analyses of the constitutive data of hard-alpha showed
that, for fracture, ¢, = dy = 0, because of the lack of strain
and strain-rate hardening. The values of X and Z are 1.4 and
0.94, respectively, as shown in Figure 14. The fracture stress
at uniaxial compression shows a linear correlation with the
nitrogen content, which can be represented by

Y, =% + %N (5]
where 1y, and v, are correlation coefficients. Linear regres-
sion of the experimental data (Figure 15) allows determina-
tion of the values of v, and v, leading to y, = 382.3 MPa
and y; = 31.43 MPa/wt pct N, as shown in Figure 15.

The flow stress is a general function of strain and strain
rate, as described by

€o

L \41
Y, =Yy (1 + coe) (1 + do(i) ) [6]

where Y, cg, c1, dy, and d; are constants, ¢ is the strain, &g
is the reference strain rate, and ¢ is the strain rate. Analysis
of the flow-stress data led to ¢, = 0 because of the lack of
strain hardening. The strain-rate exponent d; has a value of
0.215. The value of dj is a linear function of nitrogen, as
given by

dy=17616 + 125N [7]
and Y, = 8.55 MPa, as shown in Figure 15.

III. CONCLUSIONS

The constitutive properties of hard-alpha Ti have been
characterized as a function of stress state, nitrogen content,
strain rate, and temperature. The conclusions reached in this
study are as follows.

1. At a typical forging temperature of 954 °C, hard-alpha
Ti with nitrogen contents less than 4 wt pct is ductile
and can be plastically deformed in compression or under
indirect tension. With nitrogen contents at or greater than
5.5 wt pct, hard-alpha Ti is brittle and exhibits elastic
fracture in compression, indirect tension, and indentation.

2. The fracture stress of hard-alpha is considerably lower
in tension (35 to 70 MPa) than in compression (489 to
725 MPa).

3. The flow and fracture stresses of hard-alpha Ti increase
with increasing pressure, because of suppression of
microcrack formation at high pressures.

4. The flow stress of hard-alpha Ti increases with increasing
strain rate, but the fracture stress is insensitive to the
strain rate.

5. The fracture stress of hard-alpha Ti is relatively insensi-
tive to temperature in the range of 25 °C to 980 °C.

6. The flow and fracture stresses of hard-alpha Ti increases
with increasing nitrogen content.
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