
Boron-Induced Toughness Loss in Ti-6Al-2Nb-lTa-0.8Mo*

H. Inouye and S. A. David, Metals and Ceramics Division, Oak Ridge
National Laboratory, Oak Ridge, Tennessee 37831, USA

T . . . .Introduction

CONF-8409154

DE85 000932

The toughness and ductility of titanium alloy welds are shown to be
inferior to those of the a. + p treated base plate, and a determination of
the cause(s) of the degradation has been the objective of numerous stu-
dies [1—5]. Although weld metal properties have been controlled by
adjusting the composition of the weld [6] and by heat treatments, the
heat-affected zone (HAZ) properties are wholly dependent on the latter.
Consequently, investigators have concentrated on resolving the welding
problem through characterization of the HAZ properties in terms of the
microstructure produced by the p -> aallotropic phase transformation and
postweld heat treatments.

Characteristically, a significant loss in toughness and ductility occurred
when a + p fabricated alloys were thermally cycled above the p-transus
(~900-1000°C, depending on composition). This damage in Ti6211 [5] and in
Ti-6Al-2Sn-4Zr-6Mo [3] was essentially irreversible because the degraded
properties were insensitive to the various microstructures prjducec by
several cooling rates from the p phase field and those produced by sub-
sequent heat treatments. The irreversible damage in Ti6211 was attributed
to the coarse grain size of the prior p grains produced by the thermal
cycle. In contrast another study showed that the toughness of Ti-6A1-4V
did not depend on the p grain size [7]. The damage in Ti6246 was attri-
buted to the formation of an a phase film at prior p grain boundaries
during solution heat treatment [3], while a study of the HAZ in
Ti-6Al-6V-2Sn welds reported that the a phase at grain boundaries was
essential for raising the toughness [2].

Thus, conflicting explanations exist for the loss in toughness and duc-
tility. Perhaps this degradation may not be caused by differences in
alloy composition but may arise from a common and possibly more dominant
influence of an impurity. In support of this alternative view, one report
has shown that the irreversible hot ductility loss in thermally cycled
Ti6^ll was associated with a corresponding irreversible sulfur segregation
to prior p grain boundaries [8]. Other studies have shown that trace
levels of boron (0.001-0.01%) impaired the impact toughness of Ti [9],
Ti-4A1-2V [10], and Ti6211 welds and castings [11].

Because boron has been added to the weld filler metal to refine the weld
grain structure [9] and is also a common impurity in aluminum, the relati-
vely poor properties of welds and the HAZ of the above aluminum-stabilized
alloys could clso have been caused by boron. Therefore the evfect of
thermal cycling through the allotropic phase transformation on the impact
toughness of boron-inoculated Ti6211 was investigated.
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Experimental

Alloys with nominal boron contents of 0.0002 to 0.0123 wt % were prepared
by melting .'together f i l l e r metal having the composition l isted in Table 1
with various amounts of a master alloy of the same heat of f i l l e r metal
containing 1% added boron. Melting charges of 275 g consisting of 1.7-mm
diam by 12-mm-long chopped wire were arc-melted five times under 0.3 to
0.6 kPa argon on a water-cooled hearth and then cast into a 12 * 25 *
125 mm water-cooled copper mold. The ingots were assumed to have the
nominal boron content based on maximum melting losses of 0.8 g. Each
ingot was radiographed and then machined to four standard Charpy V-notch
impact specimens so that the section through or near the notch did not
coincide with any casting defects. The notch was also made on the outside
surface of the casting and parallel to the 12-mm dimension of the ingots
to maintain microstructural uniformity between specimens. The tests were
done at ambient temperature after the following heat treatments in vacuum
of 10 (iPa. Two specimens were tested in the as-cast condition to simulate
the weld. The th i rd specimen was annealed for 24 h at 950 or 1000°C,
depending on the boron content, to produce and simulate the <x+ p
microstructure of the base plate and then radiation cooled to ambient tem-
perature. The last specimen was annealed l ike the th i rd specimen, but was
heated into the p phase f ie ld at 1150°C, held for 1 min there, then and
radiation cooled to simulate an HAZ thermal cycle. The cooling rates of
the as-cast specimens at 950°C were estimated to be 5 to 10 °C/s [12] , and
for the heat-treated specimens the rate was measured with a Pt vs Pt-10%
Rh thermocouple to be 5°C/s.

Content (wt %)

Al Nb Ta Mo Fe C 0 N H B T1

5.90 1.96 0.90 0.75 0.04 0.03 0.076 0.012 0.003 0.0002 bal

Table 1: Chemical analyses of Ti6211 weld f i l l e r wire

Ingot sections were equilibrated by 24 to 96-h anneals between 800 to
1050°C to determine the p transus and boron so lub i l i t y . The thermal
arrest method was used to determine the effect of boron on the p •* a
transformation temperature under continuous cooling conditions. All heat
treatments were under vacuum of ID"1* to 10—5 Pa to minimize contamination.

Precipitates were ident i f ied by x-ray d i f f rac t ion , and their composition
and morphology were determined by microprobe analyses and metallography,
respectively. Elemental segregation and i ts redistr ibution due to heat
treatments were studied by secondary ion mass spectroscopy (SIMS) analyses.

Results

The p-transus of Ti6211 with 0.0002% B was 975 + 10°C and increased with
boron content to 1037°C for alloys with 0.0123% B (Table 2). Figure 1
shows the effect of boron on the p •*• a transformation temperatures for
three cooling rates. The plots show a 25 to 30°C spread between the start



Temperature •
(°C)

950
975
1000
1012
1025
1037
1050
1055

Amount of primary

0.0002°

75
a
0
0
0
0
0
0

for various

0.0008

52
d
20
0
0
0
0
0

alpha in microstructure (%)a
boron contents in %

0.0018

63
d
40
d
10
a
0
0

0.0052

55
d
29
a
0
0
0
0

0.0123

60
d
34
d
6
c
0
0

0.998

90
d
66
d
9
d
1
a

aMeasured by the point counting method.
Undoped weld f i l l e r metal.

"Estimated p-transus.

^Not determined.

Table 2: Effect of boron on p-transus of Ti6211

(as) and f in ish (of) of the transformation in low boron alloys
(0.0002-0.0008%), "but this spread increased to 60 to 85°C for alloys with
0.0018 to 0.0123% B. Thus, boron raised the p-transus and extended the
temperature range of the phase transformation under continuous cooling.

Figure 2 shows the variation in toughness as a function of the boron con-
tent . Each data point is estimated to be within ± 3 J and is based on
duplicate tests of alloys in the as-cast condition. At a given boron con-
tent , the lowest toughness was observed for as-cast al loys; the toughness
was improved by the a -• p anneal but was then reduced when the annealed
specimens were thermal cycled above the p-transus. However, the high
toughness of the a + p annealed alloys with 0.0002 and 0.0008% B was
unaffected by the thermal cycle.

TiB having an orthorhombic crystal structure and with la t t i ce parameters of
a = 0.611, t> = 0.306, and « = 0.456 nm was ident i f ied in the 1% B master
a l loy. Back-scattered electron microprobe analysis showed that the TiB
[F ig . 3(a)] dissolved some Ta and Nb and appeared as isolated needles in
the 0.0052% B alloy [F ig . 3(6) ] . Analyses by SIMS showed boron-rich
islands in a 0.0018% B alloy on a very f ine scale after thermal cycling
above the p-transus [F ig. 3(e) ] . Their d istr ibut ion indicates that they
were probably small precipitates. Line scans by SIMS across 300 \tn of a
polished alloy surface of the 0.0018% B alloy are shown in Fig. 4.
Prominent boron peaks were present in the as-cast a l loy, [F ig . 4 (a ) ] , were
absent after annealing within the a + p f i e l d [F ig . 4(fc)], but reappeared
when the annealed alloy was thermally cycled above the p-transus
[F ig . 4(c). These boron peaks occurred at prior p grain boundaries [11] .
The concentration dips in the l ine scans for T i , Nb, and Mo and the peaks
for Al in Fig. 4(b) correspond to the location of primary a grains formed
by annealing in the a + p phase f i e l d .

Alloys equilibrated within the a + p phase f i e l d , thermally cycled above
the p-transus, and then cooled at 13°C/s showed acicular a + p microstruc-
tures. The 0.0002 to 0.0008% B alloys had long and thin laths within
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Fig. 3: Morphology of TiB precipitates in Ti6211. (a) Backscattered electron image of 1% B a l loy,
(a + p) annealed. (&) Photomicrograph of 0.0052% B a l loy, a •> p annealed plus p thermal cycle T18
at arrows, (c) SIMS map of boron-rich islands (white dots) in 0.0018% B al loy, a+ p annealed plus
p thermal cycle.
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narrow a + p colonies, the 0.0018% B showed shorter and wider laths in
narrow a + p colonies, and the 0.0052 and 0.0123% 8 alleys showed long and
narrow laths in wide a + p colonies. The hardness of the alloys, heat
treated as above, increased with boron content from 287 Dph for the
0.0002% B alloy to a maximum of 338 OPH at 0.0018% B, then decreased to
300 Dph for the 0.0123% B alloy.

Discussion

The phase relationship for boron in Ti6211 was not established because of
the limitations of the methods available to detect TiB in the very low-
boron alloys. On the other hand, SIMS analyses had the required sen-
sitivity to detect boron-rich islands but did not show that the segregated
boron consisted of TiB precipitates. However, SIMS did indicate that the
boron solubility in a + p annealed Ti6211 was more than 0.0018%
[Fig. 4(fc)] but was less than 0.0018% [Figs. 3(c) and 4(e)] in the p
phase of Ti6211.

The Ti6211-B system is believed to be similar to the Ti-B system shown in
Fig. 5 [13]. The latter system shows a peritectoid at 886 ± 5°C with an
estimated boron solubility of about 0.05% in a-Ti and 0.03% in p-Ti.
These features of the Ti-B system agree with the results of this study;
namely, that the precipitated phase was TiB, that boron raised the p-
transus (Table 2), and that the boron solubility decreased when the a + p
annealed alloy transformed to the p phase [Fig. 4(2?) and (c)]. The data
further showed that the solubility limit of boron of 0.03% in p-Ti was
reduced by alloying to less than 0.0018% in p-Ti6211. A comparable reduc-
tion of the boron solubility was reported for Ti-4A1-2V [10].

The establishment of the probable phase relationship of boron in Ti6211
permits a plausible explanation for the toughness loss of a + p annealed
alloys caused by welding and weld thermal cycles * The toughness of alloys
with boron contents under their solubility limit in p-Ti6211 (represented
by the 0.0002 and 0.0008% B alloys) was unaffected by the thermal cycle,
but alloys with boron contents above the solubility limit (i.e.,
>0.0018% B) were severely degraded (Fig. 2). The SIMS analyses
[Figs. 3(e), 4(a), 4(c)] showed that the lower toughness coincided with
the presence of segregated boron that is assumed to be TiB precipitates.
Furthermore because the toughnesses of the 0.0002 and 0.0008% B alloys in
the a + p annealed or a + p annealed plus thermal cycled conditions were
comparable, the toughness was relatively insensitive to microstructures
produced by these heat treatments.

The irreversible damage resulting from the welding and/or HAZ thermal
cycling is believed to be controlled by the state of the boron. As a con-
sequence of the change in boron solubility at the p-transus, a + p
annealed alloys will reject boron during the heating into the p phase
field, form TiB, and remain in this state when rapidly cooled. On the
other hand, weld embrittlement is caused by precipitation of TiB during
the cooling stage through the p phase field. Postweld anneals within the
a + p phase field should dissolve TiB and in principle restore the alloys
to their initial toughness if the dissolution rate of TiB is kinetically
favorable at the chosen temperature and if the boron level is within the
solubility limit. Thus the redistribution of boron appears to control
the toughness of Ti6211 subjected to various thermal histories.
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