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Slow-strain-rate tests have been conducted
on Grade-~2 and Grade-12
titanium in simulated rock salt brines at 83°C. Although neither metal
::::s stre:a corroaiog cracking, total elongation and reduction in area
some decrease. ptical and SEM results
Prantoome decrease. are discussed to elucidate the
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Introeduction

Due to 1its very high gineral corrosion resistance in brine, ASTM
Grade-12 titanium alloy (numinally containing 0.3%Z Mo and 0.8% Ni by
weight) 1s a candidate container material for the disposal of high level
nuclear waste in a salt repository in the U.S.A. In the past, many of the
titanium alloys have shown high susceptibility to hydrogen embrittlement
(1,2) and stress corrosion cracking in chloride containing environments
(2,4). In a salt repository, the waste container is likely to be subjected
to both of these interrelated phenomena, and, therefore, it is important to
characterize the mechanical bzhavior of Grade~12 titanium under simulated

repository conditions.

To examine the environmentally assisted degradation of an alloy, its
mechanical properties are measured in the test solution and compared with
those in an inert enviromment. Mechanical property changes are usually
more noticeable the slower the strain rate. Accordingly, we have studied
Grade~12 titanium in varicus brine solutions and measured its ultimate
tensile strength (UTS), total elongation and reduction in area (RA) using a
slow-strain-rate testing machine. The experiments at Sandia National
Laboratory (5,6) carried out under gomewhat similar conditions have not
shown any large mechanical degradation, although some loss in ductility
near the specimen surface was reported to be due to reactions with the
brine solution. To understand the origin of such near surface changes in
the failure mode, as well as the role of alloying elements in Grade-12
titanium, parallel tests were conducted on commercially pure titanium.
Since highly acidic conditions (e.g. in a crevice) or alkaline conditions
[due to the formation of colloidal sodium in rock salt during gamma
irradiation (7)] might develop in a salt repository, these two materials
were tested in brine solutions with pE ranging from 1 to 1ll.

Experimental

Most of the slow-strain-rate tests were performed on 1.27-cm dismeter
Grade-12 or 0.635-cm diameter Grade-2 commercially pure (C.P.) titanium
rods. The chemical analyses of these materials as supplied by the vendor
are given in Table I. The microstructure of the Grade-12 alloy shows a
strong texture along the axis of the rod (Figure 1), whereas C.P. titanium
rods have an equiaxed grain distribution (Figure 2).

Table I. Chemical Composition of Grade-2 and Grade-12 Titanium
{Weight Percent)

C N H Fe 0 Mo Ni Ti

Grade=2 0.04 0.018 0.0041 0.11 0.152 === —-— balance

Grade-12 0.011 0.011 0.0046 0.06 0.150 0.28 0.73 balance

urer

7V



G N g o0 RN wr‘m F
- i ” ~0 g ."‘ = h 47* ?1&-..‘%
e “or &6 v X
: R IR a
SRR

7 ;e "".‘ '}"llﬁ‘.
ST “.‘h“'i\“"-‘f}j‘?}_t RIS XN
RO WA DY AN,
AR X TR Dol b e
t ‘J".':%?" A e --"9‘,";‘.\’-'. S
% \"Q"' '\% .l’:}.‘h‘{" AR A
R e T Y e
R S LI

3 Y
',

Y e Y

e Sl SAL

R VT 21}-\"“{';3 ﬁw‘f’;‘.-f-':"-
= w ; R PE
X r‘k_x-‘ £ IR & )

(a)

Figure 1 ~ Microstructure of Grade-12 titanium rod. (a) Cross section
perpendicular to the axig of the rod, (b) cross section parallel to the

axis of the rod. X1000.
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Figure 2 - Microstructure of Grade-2 titanium rod.
This structure shows equiaxed grains. Acicular
transformed alpha phase is found across the grains,
particularly near the surface. X400.

Smooth tensile test specimens were prepared by machining 0.635-cm
threads on both ends of a 22.9-cm long piece of rod with a 1.27-cm long and
0.254~cm diameter gauge in thte center. Specimens were deformed in tension
at a constant strain rate which was maintained by a gear reducer assembly
and a motor. An approximately 15-cm long central portion of each specimen
was enclosed in a Teflon cylinder which contained the required test envi-~
ronment at a given temperature. In some cases, the corrosion potential of
the specimen was monitored using & potentiostat (EG G Model 363). After a
test, the fractured surface of each specimen was examined using optical and

scanning electron microscopes.
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To investigate the effects of externally introduced hydrogen, a few
Grade-12 unnotched sheet specimens (gauge length = 2.54 cm and thickness =
0.9 mm) were machined according to ASTM specifications (8) and tested in
air at room temperature using an Instron tensile testing machine. _These
were hydrogenated cathodically in 10% sulfuric acid with 3.1 x 103 u
Na4P287 cathodic poison for one-half to one hour at 90°C and 15

mA/cm“.

The chemical compositions of the two synthetic brines (A and B) used
in the present study, which are considered to be representative of the
brines in Carlsbad (New Mexico) salt are given in Table II. To make Brine

A acidic and Brine B alkaline, HCl and NaOH, respectively, were added uniil

the desired pH was achieved.

Table II. Compositions of Brine Solutions

Concentration {ppa)

Component Brine A Brine B

Nat 42,000 115,000

30,000 15

Mgt2 35,000 10

cat2 600 900 .

srt2 S 15
ca~ 190,000 175,000
s0,~2 3,500 3,500
- 10 10
HCO5"1 700 10
Br™ 400 400
B0, 1,200 10

Results

Mechanical Properties

Typical stress-strain as well as corrosion potential versus nominal
strain curves for Grade-~12 and C.P. titanium are shown in Figure 3. Ulti-
mate tensile strength and total elongation are determined from such curves
for both alloys. The reduction in area is measured from SEM photographs of
the fracture surface. The results obtained on cylindrical specimens are
listed in Table III for different test environments. All the specimens
were deformed at a nominal strain rate of 3.0 x 10”7/sec, except for
Tests 6 and 7 where a faster rate of 1.5 x 10~6/sec was used. The
regsults of tensile tests on sheet specimens in as-received and after
hydrogenation are listed in Table IV. Thege tests were performed under
ambient conditions and at nominal strain rates of 1.2 x 10~2/sec or 2.5 x
10~3/gec. The difference between the two sets of data of room tempera-
ture mechanical properties shown in Tables III and IV could be primarily
due to the difference in strain rates, or size and texture of the grain
structure.
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Figure 3 - Typical engineering stress vs strain curves foé Grade-2
and Grade-12 titanium specimens (solid line). Variation of simultan-
eously measured potential of both the specimens is show: by the

broken lines.

Table III. Slow-Strain-Rate Test Results for Grade-~2 and Grade-12
Titanium.2
Maximum Total Elon-
Test Temp. Stress gation, e R.A.
No. Material Environment (oC) (ksi) ) %)
1 CP Ti Airxr R.T. 77.1 19.5 48.6
13 CP Ti He 84.1 58.1 20.5 51.9
20 CPTi Alr 82.9 59.3 19.8 50.9
11 CP TiL Deionized Water 83.5 55.9 17.9 47.7
15 CP Ti Brine A 83.1 56.6 19.2 454.0
8 CPTi Acidic Brine AP 84.8 59.5 18.8 46.4
5 CPTi Alkaline Brine B¢ 83.2 60.0 20.0 44.0
6 CPTL Alkaline Brine B¢ 84.6 63.8 24.2 45.9
3 TiCode-12 Air R.T. 74.8 ~ 25.3 57.6
14 TiCode~12 He 83.7 68.7 36.6 51.5
19 TiCode-12 Air 82.5 70.0 33.8 49.2
12 TiCode-12 Deionized Water 83.1 65.7 - 52.9
18 TiCode-12 Brine A 82.2 64.8 31.6 50.3
10 TiCode-12 Acidic Brine AP 83.7 64.9 -— 52.0
4 TiCode-12 Alkaline Brine B¢ 82.0 63.4 32.0 52.0
"7 TiCode-12 Alkaline Brine B€ 82.3 67.8 36.8 53.2

agtrain rate € = 3.0 x 10'7/sec, except for the test numbers
6 and 7, where & = 1.5 x 10~5/gec.
bacidic Brine A was prepared by adding HC1 until the pH of the solution

reached 1.0.
CAlkaline Brine B was prepared by adding NaOH until the pH of the solution

reached 11.6.



Table IV. Tensile Test Results for As-Recived and Hydrogenated
Grade-12 Titanium Sheet Specimens at Room Temperature

Strain Rate 1.2 x 16™2/sec 2.5 x 10™3/8ec
: Total Total
UTS Elongation UTs Elongation
(ksai) (Z) (ksi) %)
As-received 99.9 22 91.7 31
Hydrogenated 98.5 22 88.9 20

Fractographs

Representative SEM micrographs taken fiormal to the macroscopic frac-
ture surfaces of Grade~12 and C.P. titanium are shown in Figures 4 and 5,
respectively. Note that in the case of Grade-12 specimens, the edge has a
different appearance from the central zune. Within the variation along the
periphery, the width of this edge region was nearly independent of the test
enviroment or the strain rate used. For C.P. titanium, the equivalent
edge region is negligibly small.
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Figure 4 - A typical SEM fractograph of a Grade~12
titaniun apecimen. Note the quasi cleavage type fea-
ture near the edge (top part of the picture). X200.
‘ o
A magnified view of an edge region is showm in Figure 6; the two
micrographs represent mating regions on the two halves of a fractured apec—
imen. Note that the rounded ends of dimples on the two halves point in op~
posite directions. An examination of the Grade-12 fracture surface under e

an optical microscope shows that the distinctive edge region is at an angle
with the macroscopic fracture plane (which is normal to the tensile axis).
A view of the edge region roughly normal to the incident electron bezm is
obtained (Figure 7) after tilting the specimen by 45°.
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Figure 5 - A typical SEM fractograph of a Grade-2
titanium specimen. X200.
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(a) ' (b)
Figure 6§ - SEM photographs of the mating regions of a fractured Grade-12
titanium specimen; (a) is the cone and (b) is the cup half. Xi0O00.
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Figure 7 - A SEM photograph of the edge
region of a Grade-12 titanium specimen
tilted by 45° to bring the edge region
normal to the electron beam. X1000.

To understand the large difference between total elongation of the two
metals, the longitudinal sections of the fractured specimens were examined.
Note the difference in the size and distribution of voids below the frac-
ture surface of C.P. and Grade~12 titsnium as shown in Figures 8 and 9,
respectively.
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Grade-2 titanium specimen showing a rela-
tively small mumber of large voids below ~o

the fracture surface. The voids appeared
to have nucleated at grain boundary triple
points, and then grew across the grains. X50.



Figure 9 - A longitudinal section of a Grade-12 titanium specimen showing numerous small voids below the fracture
surface. X150,
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Discussion

The results described in Table III for C.P. and Grade-~12 titanium in-
dicate that, in general, the latter alloy has superior mechanical proper-
ties. For either of the materials an increase in strain rate increases the
values of UTS, RA and tot:! elongation. A similar strain rate dependence
was observed by Abrego and Rack (5) and Pitman (9).

Figure 3 and Table 1II describe some interesting differences between
the two metals. OGrade-12 titanium shows a well defined yleld point indica-
tive of strain aging effects. C.P. titanium starts necking at a very early
stage, and does not show a sharp yield point which has been noticed earlier
under different conditions of strain rate and temperature (10). The reduc-
tion in area for the two metals is comparable, bhut Grade-12 titaniua has a
much larger value for total elongation. This observation is consistent
with the fact that compared to C.P. titanium, the neck in Grade-12 titanium
is more shallow. Such differences in the behavior of the two metals can be
explained by the presence of the alioying elexents and small amounts of
beta phase which cause much stronger strain hardening in the alloy. An or-
der of magnitude smaller grain size in the Grade-12 titanium may also con-
tribute to its strain hardening. Because of strong work hardening, the
plastic strain in Grade-12 titanium tends to propagate into previously un-
deformed areas, thus producing many voids of small size (Figure 9) as well
as forming a shallow neck. On the other hand, due to low strain hardening
in C.P. titanium, a neck that is fermed continues to shrink locally due to
higher stress intensity. For C.P. titanium, the larger grain size offers
fewer nucleation sites for the formation of voids, but once a void is
formed it continues to grow easily in a transgranular fashion (Figure 8).

To quantify the environmentally assisted degradation of mechanical
properties, air has been usually chosen as the reference atmosphere (5,9).
Present results (Table III) show that a helium environment gives better
mechanical properties than air and, therefore, should be preferred as a
reference. The reason for poorer properties in air is not clear, but this
may be the cause of some of the earlier reported apparent improvement in
the properties of Grade-12 titanium vhen tested in brine or seawater (5).

There 18 no indication of stress corrosion cracking under any of the
test conditions used. A monotonic increase in the corrosion potential of a
specimen (except at failure) during straining is consistent with the idea
that no macroscopic cracks are produced. In other words, any rupture of
oxide film during straining is repaired soon enough to allow any observable
change in potential due to the exposure of bare metal surface to solution
(such as at the time of sample failure). Nevertheless, macroscopic mechan-~
ical properties show a definite loss in ductility of Grade-12 titanium in
neutral Brine A, and of C.P. titanium in Brine A as well as alkaline
Brine B. However, there is no major difference between the fractographs of
either metal whether tested in Brine A or in helium. In the case of Grade-
12 titanium, the edge of fracture surface has a markedly different appear-
ance than its center (Figures 4 and 6). Abrego and Rack (5) have suggested
that this so-called quasi cleavage fracture ocvurring at a Grade-12 tita-
nium specimen edge 18 presumably due to attack from the corrosion environ-
ment. To examine this hypothesis and to further understand this near edge
behavior in Grade-12 titanium, we note that:
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(a) The so-called "quasi cleavage” fracture mode is always seen near
the specimen edge. It constitutes the shear lip zone of the cup and cone
halves of a specimen, where the fracture plane is at an angle with respect
to central area. Such observations are expected for a ductile fracture
which is quite evident from the dimples and tear ridges found in the cen-
tral area. That the fracture at the edge occurs predominantly by shearing
is confirmed in Figure 6 where rounded edges of dimples at the mating
surfaces point in opposite directions.

(b) The flatness in the edge region (Figures 4 and 6), which gives
the impression of a juasi cleavage fracture mode, becomes less clear when
the edge is examined in a normal-to-the-edge view (Figure 7).

(c) For the same conditions of temperature and strain rate, the width
of the edge region is nearly the same for all the tests, although the
mechanical properties differ.

(d) C.P. titanium specimens shew similar envirommental effects but
without any quasi cleavage zons.

(e) Abrego and Rack find that the width of the quasi cleavage zone 1is
increased by immersing a Grade-12 specimen in brine under y~—irradiation
conditions (where Hy 1s likely to be absorbed on the specimen surface) as
well as by heat treating a specimen (where no environmental effec:t 1is

expected).

These observations suggest that a simple examination of the so-called
"quasi cleavage™ area of the fracture surface does not reveal any obvious
correlation with the kind of envirommentally assisted loss in ductility
observed in the present experiments. Algo, the external effects alone are
not responsible for the edge effect. It is possible that this effect is
due to very differenc shear stresses acting on the edge area just before
the specimen fails. However, we note that:

(a) At an elongation rate of 2.5 x 10‘5/sec, the edge effect is
larger in the hydrogen charged specimen than in the as-received specimen.
In the present cathodic charging the hydrogen is concentrated near the
surface. Thus, there 18 a correlation between the presence of hydrogen and
the edge effect. Molecke and others have also made similar suggestions
(10). 1In the samples having higher uniform hydrogen concentration, the
whole fracture surface may show flat areas of a brittle failure (11,12).

{b) The quasi cleavage appearance near the edge in Figures 4 or 6 is
distinct and is not found in the central zone after tilting the specimen by
450. That 1s, some of the flatness in the edge region cannot be
explained in terms of the viewing angle.

On the basis of the above discussion, it is concluded that the quasi
cleavage appearance near the edge of Grade-12 specimens has little correla-
tion with the presence of brine. Most likely it is caused by internal hy-
drogen (46 ppm in the present alloy) which concentrates by some mechanism
near the edge during the test or at the time of initial sample preparation.
In this respect we note that stress induced hydrogen embrittlement is well
known in titanium alloys (1,13). The quasi cleavage zone and shear 1lip
occur at the specimen edge, but probably the two are not related.
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