|

) <

The University of Osaka
Institutional Knowledge Archive

Effect of Hydride Precipitation Behavior on
Title Fracture Morphology for Ti-6Al-4V
Alloy(Materials, Metallurgy & Weldability)

Author(s) |Enjo, Toshio; Kuroda, Toshio

Citation |Transactions of JWRI. 1984, 13(2), p. 219-225

Version Type|VoR

URL https://doi.org/10.18910/8851

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Effect of Hydride Precipitation Behavior on Fracture Morphology

for Ti-6A1-4V Alloy’

Toshio ENJO*, Toshio KURODA**

Abstract

An investigation has been made into the relation between hydride precipitation behavior and the fracture mor-
phology for Ti-6A1-4V alloy by means of fractography and internal friction measurement.

As the specimens thermally hydrogenated at 1273 K for 7.2 ks were furnace-cooled ({3 annealed specimen), the
hydrides precipitated finely from the 3 phase during cooling. The fracture morphology showed the fracture at the inter-
face between [ phase and the hydrides or inside the hydrides.

The strength of the hydrides was 0.5 GPa and smaller than that of the matrix and the elongation was hardly present.

The hydrides act as the fracture initiation site.

As the specimens thermally hydrogenated at 1273 K for 7.2 ks were water-quenched (8 quenched specimen), the
hydrides hardly precipitated and hydrogen was solutionized by force in the 88 phase.

As the B quenched specimens were plastic-deformed, the hydrides precipitated from the {3 phase. As the tensile
strain rate was fast, the fracture morpholbgy showed the morphology similar to the [ annealed specimen thermally
hydrogenated. It means that the hydrides precipitated finely from the [ phase by plastic deformation, the fracture
occurred at the interface between the hydrides and 3 phase or inside the 3 phase.

As the tensile strain rate was low, the fracture morphology showed the terrace fracture inside the hydrides. It means
that the hydrides precipitated from the [3 phase, grew to the large blocks independent of the microstructure, and then

the fracture occurred inside the hydrides.

KEY WORDS: (Titanium Alloy) (Fractography) (Hydrogen Induced Cracking) (Internal Friction Measurement)

1. Introduction

The development of the aerospace and nuclear indus-
tries has increased the demand for materials offering a
combination of high strength and environmental stability
for titanium alloy. A phenomenon which has emerged as
a special yet common problem in this field is that of
strength degradation due to the presence of hydrogen.

Hydrogen is absorbed in the metal during fabrication
and welding procedure, and causes component failures.
Generally, hydrogen induced cracking of a+f titanium
alloy is contributed to the brittle hydride phase!) ). But
the relation between the precipitation morphology of
hydride and the fracture morphology has not been clearly
indicated.

The purpose of this paper is to present direct evidence
for the precipitation of hydrides at the fracture surface
and detect the site of the hydride precipitation in the
microstructure for hydrogen induced cracking of Ti-6Al-
4V alloy by means of internal friction measurement and
fractography.

2. Experimental Procedures

For this investigation, Ti-6Al-4V alloy was obtained
commercially in mill-annealed plate 35 mm thick. The
chemical compositions are shown in Table 1. The mate-

Table 1 Chemical compositions of material used. (wt%)

c Fe N 0 H Al v Ti
0.01710.219 ]0.0024{0.160 j0.0012| 6.08 | 4.05 | Bal.

rials were machined into specimens and hydrogenated at
1273 K above § transus for 7.2 ks under various hydrogen
partial pressures or argon atmosphere in the Sievelt’s
apparatus, and then water-quenched (8 quenched) or
furnace-cooled (8 annealed)™.

The § quenched Ti-6Al-4V alloy consisted of a prime
phase and retained £ phase, the 8 annealed Ti-6Al-4V alloy
consisted of acicular a phase platelet in a continuous
phase matrix.

After the hydrogenation, tensile tests using smooth
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specimen (gauge length 22 mm, diameter 4 mm) and
notched specimen (diameter 6 mm, 60°V-notched) and
Sharpy impact test specimen a part were carried out
respectively. The fracture surfaces were observed in detail
using scanning electron microscope.

The microscopic behavior of hydrogen in the materials
was investigated by internal friction measurement using
an inverted torsion pendulum over a temperature range
of 70K to 300K at a frequency of about 1 Hz®. The
internal friction specimens were 4 mm wide, 110 mm
long, and 0.8 mm thick.

The etchant for revealing the microstructure was
carried out using Kroll etchant.

3. Results and Discussion

3.1 Precipitation behavior of hydrides during slow cool-
ing after thermally hydrogenated

Figure 1 shows the internal friction curves of @
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Fig. 1 Internal friction curves of § quenched specimen and §8 an-
nealed specimen thermally hydrogenated respectively.

quenched specimen and f annealed specimen thermally
hydrogenated at 1273 K for 7.2 ks respectively. Hydrogen
content is 3500 ppm in both specimens. For § quenched
specimen, the peak generated at about 80 K, which is
Snoek peak due to the hydrogen in solution in the 8
phase4)’5).

The peak observed in the range of 140 K to 180K is
Bordoni Peak, which generates due to the plastic deforma-
tion of a prime phase6)’ 8),

For § annealed specimen, the peak generates at about
190 K, which is related to the hydride precipitation7).
The hydride peak at 190 K is higher than that of the 8
quenched specimen, because of hydride precipitation into
the 8 phase during cooling from the § transus, and the
Snoek peak at about 80K is low. The Bordoni peak at
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130K and 170 K generate, because of the deformation of
a platelet due to the hydride precipitation in the 8 phase.
Otherwise, the Snoek peak at 80 K is higher than that
of B annealed specimen for § quenched specimen. Conse-
quently, hydrogen solutionized by force for 8 quenched
specimen. The a prime phase is deformed by quenching
strain. But hydride precipitation peak at 190 K hardly
generates. The Snoek peak height of hydrogen in the §
phase at about 80 K is high because of the increase of
g phase. '
Figure 2 shows the optical microstructures as the

Fig. 2 Microstructure of { annealed specimen thermally hydro-
genated. ‘
(a) 120 ppmH, (b) 300 ppmH, (c) 3400 ppmH,
(d) 3500 ppmH, (e) 4700 ppmH, (f) 6700 ppmH

specimens were furnace-cooled after hydrogenation at
1273 K for 7.2 ks respectively, under various hydrogen
partial pressures. ’

Below the hydrogen content of 300 ppm, the micro-
structure change was hardly distinguished, and the micro-
structure consists of primary a phase precipitated along
the prior 8 grain boundary, and widmanstitten o phase,
and B phase present in the region between « plates. As the
hydrogen content increases, the volume fraction of
« phase observed as white plate decreased, and that of
hydrides observed as black particles increased, based on
the X-ray diffraction analysis.

For hydrogen content of 6700 ppm, the hydrides
precipitate at the grain boundary, the retained § phase
present in the grain. )

The hydride was indentified as hydride based on the



Hydride Precipitation and Fracture Morphology

IOOG Y T Y T T T
Ti-6Al-4V
f ;
° i b
5 v
£
$
S 5 4
£ 300
3 annealed
(1273 Kx72 ks - furnace cooled)
2501 N
'ﬂ A A 'S ‘ i e A ‘:

O 1+ 2 3 4 5 6 7

Hydrogen content x 103 ppm

Fig. 3 Relation between hydrogen content and hardness for 3
annealed specimen thermally hydrogenated.

TiH, (y phase) by means of X-ray diffraction. Figure 3
shows the relation between hydrogen content and hard-
ness for the § annealed specimen thermally hydrogenated.

The hardness increases with increasing the hydrogen
content up to 4500 ppm, and the hardness reversely
decreases for the hydrogen content of 6700 ppm. Conse-
quently, the hardness increase a little from Hv 320 to
Hv 350 by the precipitation of hydrides. The hardness of
the hydrides is considered to be fairly higher than that of
o phase matrix.

Then, in order to investigate the hydride precipitation
during cooling after thermal hydrogenation, the specimens
were water-quenched from various temperatures during
the furnace cooling processes.

Figure 4 indicates the microstructure as the specimens
were water-quenched from various temperature in the
range of 1273 K to 973 K during furnace cooling after
thermal hydrogenation.

For the specimen water-quenched from 1273 K, as
shown in Fig. 4-(a), the microstructure consists of a prime
phase produced by 8-« transformation. It means that the
f# phase presented at the heating temperature before
quenching.

For the specimen water-quenched from 873 K during
slow cooling, as shown in Fig. 4-(b).

The microstructure consists of the needle-like « plate-
lets and the hydrides observed as the black particles.

Furthermore, as the specimens were cooled to the
room temperature, as shown in Fig. 4-(c), the hydrides
observed as black particles surrounded by the « platelets
precipitate more.
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Fig. 4 Hydride precipitation during cooling for 3 annealed speci-
men thermally hydrogenated.
(a) Water-quenched from 973 K.
(b) Water-quenched from 873 K.
(c) Cooled to room temperature.

From the fact, the microstructure change during
furnace cooling is considered to be as follows. During
cooling, at first « platelets precipitate from the B single
phase, and then hydrides precipitate from the @ phase
which was not transformed yet. Generally, the critical
solubility of hydrogen in the « phase is smaller than that
of the 8 phase, and the hydrogen was swept out from the
a platelet after the o platelet precipitated from the
phase. The hydrogen content becomes very high in the
phase, and the solubility of hydrogen in the § phase
decreases with decreasing the temperature. Consequently,
it is concluded that the hydrides precipitate in the S
phase.

3.2 Relation between morphology of hydrides and their
fracture morphology

Figure 5 indicates the relation between hydrogen con-
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Fig. 5 Relation between hydrogen content and notch tensile
strength for § annealed specimen thermally hydrogenated.

tent and notch tensile strength for § annealed specimen
thermally hydrogenated at 1273 K for 7.2 ks. Below the
hydrogen content of 3400 ppm, the notch tensile strength
is hardly affected by the hydrogen content.

But, above the hydrogen content of 3500 ppm, the
notch tensile strength decreases with increasing the
hydrogen content. And, above the hydrogen content of
4500 ppm, the notch tensile strength becomes very low
and constant. Now, the strength is hardly affected by the
strain rate of tensile test.

Figure 6 indicates the tensile test results of 8 annealed
specimen thermally hydrogenated at 1273 K for 7.2 ks
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Fig. 6 Mechanical properties of § annealed specimen thermally
hydrogenated.

respectively.

The tensile strength, elongation and reduction in area
are hardly affected by hydrogen content up to 1500 ppm
of hydrogen. Above the hydrogen content, the mechanical
properties decrease with increasing hydrogen content.

Above 3500 ppm of hydrogen, the tensile strength is
low and constant, and the elongation and reduction in
area become about zero. It means that the hydride pre-
cipitated more in the specimens. So, it is concluded that
the fracture strength of hydrides is 0.5 GPa and the
elongation is about zero.

Figure 7 shows the microstructures and fractographs of

Fig. 7 Microstructure and fracture morphology of 8 annealed specimen thermally hydrogenated. (Hydrogen content 3500 ppm.)
(a) : Microstructure by SEM. (b) : Fracture profile. (¢) and (d) : Fracture surface.
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B annealed Ti-6Al-4V alloy as they were thermally hydro-
genated at 1273 K for 7.2 ks. Hydrogen content is 3500
ppm. The specimen were high strain rate tested. Figure
7-(a) shows the microstructure by SEM before fracture
test. Charged white hydrides and darkened o phase plate-
lets were observed. These hydrides are microprecipitates,
precipitation along the a platelets. Microstructure showing
crack propagation of the 8 annealed specimen are shown
in Fig. 7-(b).

Darkened hydride of microparticles and white « phase
platelets are observed. These hydrides precipitate in the
f phase.

According to the internal friction shown in Fig. 1, the
Snoek peak height was low and hydride precipitation peak
was high. During the growth of the « phase platelet,
hydrogen was swept to the 8 phase, and then these hy-
drides precipitated from the 8 phase during slow cooling.

Crack profile indicates that the crack propagated in the
hydrides or at the interface of hydride and 8 matrix and
across « platelets.

The fractogaphs of the § annealed specimen are shown
in Fig. 7-(c), (d). The fracture morphology suggests that
hydrides precipitate in the 8 phase. The « phase platelets
indicate tear ridges and they were hardly embrittled. The
region surrounded « phase was retained § phase.

Hydrides precipitated in the region, contributing to the
embrittlement.

The region indicates the fracture morphology cor-
responded to the precipitation morphology of hydrides.

Figure 8 shows the microstructure (a) and the fracture
morphology (b) by SEM respectively for 8 annealed
specimen thermally hydrogenated with 6700 ppm.

The hydrides observed as white particles and layers
precipitate at the grain boundaries, and the fracture
morphology indicates intergranular fracture, the fracture
surface shows not to be smooth, it means that the crack
propagated in the hydride phases at the grain boundary.

3.3 Hydride precipitation behavior due to plastic de-
formation and their fracture morphology

The relation between hydrogen content and mechani-
cal properties in shown in Fig. 9. The presence of hydro-
gen increases the volume fraction of 8 phase by means of
X-ray diffraction method, and decrease 0.2% proof stress
and ultimate tensile strength.

The elongation and reduction in area decrease with
increase hydrogen content up to 150 ppmH, and then
increase with increasing hydrogen content up to 2600
ppm, because of the increase of 8 phase.

Finally, the elongation in nearly zero at 3500 ppmH,
because of the hydride precipitation during fracture test.

51

e

Fig. 8 Microstructure and fracture morphology of B annealed
specimen thermally hydrogenated. (Hydrogen content 6700
ppm).

(a) Microstructure.
(b) Fracture surface.

T T T T
Ti-6Al-4V

O
1'2’;.\0 8 quenched

1 \
o
1.0t \
A
08F o us \
L * 902
A

: RA.
0.6~ : Elongation

%l

> ®»0

\ 20

. A0
Crosshead speed 167xX07°m/s 1
°

/ -110

i { N 1 2 )i LD
% 1 2 3 A

T

0.4

Ultimate tensile strength GPa.
®

L

Elongation, Reduction in area

Hydrogen content x 10° ppm

Fig. 9 Mechanical properties of § quenched specimen thermally
hydrogenated.

Figure 10 indicates the relation between hydrogen
content and notch tensile strength for § quenched speci-
men thermally hydrogenated at 1273 K for 7.2 ks respec-
tively. The notch tensile strength decreases with increasing
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Fig. 10 Relation between hydrogen content and notch tensile
strength for {8 quenched specimen thermally hydro-
genated.

the hydrogen content.

The change in the internal friction when the 8 quenched
specimen was thermally hydrogenated at 1273 K for 7.2
ks under 0.1 MPa H,, and then water quenched is shown
in Fig. 11.

The Snoek peak height by hydrigen in 8 phase at about
80 K is high, because of the increase of 8 phase, in con-
trast to Fig. 1.

In addition, Bordoni peak by «' phase is observed at
190 K.

When the specimen is plastic-deformed, the Snoek peak
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Fig. 11 Internal friction curves of § quenched specimen thermal-
ly hydrogenated.

height decreases and the hydride precipitation peak height
at about 190 K increases.

Consequently, for § quenched specimen thermally
hydrogenated, it is concluded that hydrogen is solu-
tionized by force and hydride precipitation hardly occurs.
Hydrogen solutionized in the f phase causes hydride
precipitation in the § phase by plastic deformation. The
results of Fig. 9 and Fig. 10 are considered that the frac-
ture strength decreased by hydride precipitation due to
plastic deformation.

Figure 12 indicates the microstructure (a) and fracto-

Fig. 12 Microstructure and fracture morphology of 8 quenched specimen thermally hydroge-

nated.
(a) Microstructure. (3500 ppmH)
(b) Fracture surface. (2600 ppmH)

(¢), (d) Fracture surface. (3500 ppmH)
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graphs of the B quenched specimens thermally hydro-
genated at 1273 K for 7.2 ks.

Tensile tests, impact tests and notch tensile tests
respectively showed similar to fractographs up to 2600
ppmH.

Figure 12-(b) indicates the fractographs of N.T.S. test
and Figure 12-(c), (d) indicate that of impact test. As
shown in Fig. 12-(b), the fractographs of the specimen
with 2600 ppmH indicate mainly dimple fracture, and
partial fracture along the interface of a prime phase and
8 phase, or the interface of hydride and matrix. For the
hydrogen content of 3500 ppm, the microstructure con-
sists of a prime phase (darkened lath) and retained 8 phase
shown in Fig. 12-(a). The fractographs are shown in Fig.
12-(c), (d). This « prime phase is hardly embrittled, and
indicates tear redges. It is proved that prime phase ductile-
fractured after the fracture of interface of hydrides and
the matrix.

In the case of high strain rate tests such as the I\j."f.S.
test and impact test, hydrogen solutionized in the 3 phase
causes the precipitation of hydrides from the § phase.

For low strain rate test as shown in Fig. 13, the frac-

Fig. 13 Fracture morphology of # quenched specimen thermally
hydrogenated, which was pulled out at low strain rate.
(Hydrogen content 3500 ppmH)

ture morphology indicates terrace and wall type’s frac-
ture. The crack propagates in the hydrides precipitated
during plastic deformation, the fracture morphology
indicates micro dimple fracture of hydrides.

Consequently, hydrogen in the § phase cause precipita-
tion of hydride at a habit plane and growth, as a results,
large hydride blocks occur independent of the micro-
structure.
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4. Conclusion

An investigation has' been made into the relation
between hydride precipitation "behavior and fracture
morphology for Ti-6A1-4V alloy thermally hydrogenated
at 1273 K for 7.2 ks by means of fractography and inter-
nal friction measurement. ,

The results obtained in this investigation are sum-
marized as follows.

1) As the specimens thermally hydrogenated at 1273 K
for 7.2 ks were furnace-cooled (f annealed specimen),
the hydrides precipitated finely from the B phase
during cooling. The fracture morphology showed the
fracture at the interface between B phase and the
hydrides or inside the hydrides.

2) The mechanical properties decreases with increasing
the volume fraction of the hydrides. The strength of
the hydrides was 0.5 GPa and smaller than that of the
matrix and the elongation was hardly present. The
hydrides act as the fracture initiation site.

3) As the specimens thermally hydrogenated at 1273 K
for 7.2 ks were water-quenched (8 quenched specimen),
the hydride hardly precipitated and hydrogen was
solutionized by force in the § phase.

4) The B quenched specimens were plastic-deformed, the
hydrides precipitated from the § phase. As the tensile
strain rate was fast, the fracture morphology showed
the morphology similar to the 8 annealed specimen
thermally hydrogenated, it means that the hydrides
precipitated finely from the B phase by plastic de-
formation, the fracture occurred at the interface
between the hydrides and § phase or inside the § phase.

5) As the tensile strain rate was low, the fracture mor-
phology showed the terrace fracture inside the hy-
drides.
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