23

M icrostructure and mechanical behaviour of the
Isother mally forged Ti-6Al-7Nb alloy

P F Barbosaand ST Button

School of Mechanical Engineering, State University of Campinas, Brazil

Abstract: The mechanical properties of the Ti-6Al-7Nb alloy, used to manufacture high-strength
prostheses, are highly dependent on its microstructure. This work presents the microstructural
changes of this aloy under isotherma hot working. It is shown that microstructure is strongly
affected by strain rate, temperature and strain. The possible precipitation of intermetalic phases is
also evaluated. To define the best processing conditions, compression tests were performed at
temperatures varying from 750 to 1030 °C and deformation speeds of 0.01, 0.1 and 1 mm/s. Tests
were carried out in the a+b and b phase regions. Experimental results showed that the best
microstructure (recrystallized with equiaxial refined white a grains and acicular dark grains within a
b-transformed matrix) was obtained in tests at 950 °C and 0.01 mmy/s.
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NOTATION

e engineering strain [mm/mm]
v deformation speed [mm/s]
Se engineering stress [MP4]

S, truestress[MPa)

1INTRODUCTION AND OBJECTIVES

Titanium aloys have been clinically
applied since the 1970s when surgical implants
were made with the high-strength Ti-6Al-4V alloy.

The Ti-6Al-7Nb alloy was introduced into
clinical use in the mid 1980s as a substitute for Ti-
6Al-4V, since niobium is more biocompatible and
cheaper than vanadium. The vanadium oxide VO,,
generated by passivation of the metal surface, is
thermodynamically unstable and some vanadium
could be released in human body and cause toxic
effects [1]. Semlitsch et al. [2] showed the
mechanical properties obtained in trial runs for
many Ti-6Al aloys with niobium and tantalum as
substitutes for vanadium and concluded that Ti-
6Al-7b showed the best workability and mechanical
properties.

The MS was received on 1 September 1999 and was accepted
after revision for publication on 21 December 1999.
*Corresponding author: Metal Forming Laboratory,
Department of Materials Engineering, School of Mechanical
Engineering, State University of Campinas, DEMA-FEM-
UNICAMP, CP 6122, 13083-970, Campinas, SP, Brazl.
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Ti-6Al-7Nb aloy was developed to achieve
the following objectives[3]:

a dense and stable passive surface layer
with the presence of al alloying elements;
high resistance to corrosion;

a+b grain structure with the possibility of
superplastic deformability;

mechanical properties comparable with
those of the high-strength, wrought Ti-
6Al-4V dloy;

economical production of semifinished
material and of implant components.

These alloys can be cast, hot rolled and hot
forged, so products of many shapes can be
manufactured like components for knee, wrist, and
total hip prostheses. Figure 1 shows a total hip
prosthesis with an acetabular cup made of UHMW
polyethylene, afemora head made of zirconia, and a
Ti-6Al-7Nb forged stem.

These alloys have great mechanical strength
and high resistance to corrosion and are superplastic
when hot worked. These properties can be controlled
with thermomechanica and chemical treatments,
resulting in high strength/weight rates [4-7]. Table 1
shows some mechanical properties of the globular Ti-
6Al-7Nb aloy hot-forged at temperatures below
1000 °C and vacuum-annedled at 700 °C. As
observed in the table these properties are superior to
those recommended in 1SO 5832-3 specifications for
the Ti-6Al-4V wrought alloy.
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1 — acetabular cup
3 2 —femoral head

3 —femoral stem

Fig. 1 Components of atotal hip prosthesis.

Table1l Mechanical properties of the Ti-6Al-7Nb

as hot-forged [1]
Mechanical SO 5832-3 Ti-6Al-7Nb hot-
properties specifications forged
Y oung’s modulus - 110000
[MPa]
Yield strength Min 800 900-1000
0.2%
Ultimate tensile Min 900 1000-1100
strength
Elongation [%0] Min 10 10-15
Reduction of area Min 25 15-45
Rotating bending Min 450 500-600
fatigue strength

Ti-6Al-7Nb and Ti-6Al-4V are a+b aloys
whose mechanical properties are susceptible to
prior thermomechanical treatments, which show
more microstructures than the a aloys and are
controlled by strain, strain rate and work
temperature. The transformation temperature a+b/b
is between 1010 and 1020 °C [8]. Commonly, a+b
alloys are hot worked at temperatures under b
transus. At this temperature al of the a
microstructure is transformed into b.

The a+b aloys have aloy elements which
stabilize the a and b phases and increase the range
of temperatures where the a+b microstructure can
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be found, even below room temperature as observed
in figure 2 that shows the Ti-Al and Ti-Nb phase
diagrams assessed by J.L. Murray [9,10].

When hot worked these alloys show as a
result microstructures with large b grains wherein a
grains grow during cooling. The volume fraction of
a/b is dependent on working temperature [11].

The a+b microstructure is superplastic when

hot worked, being suitable for isothermal forging of
complex shapes like components for the aerospace
industry, turbine blades and surgical implants. Near-
net-shape parts are manufactured by isothermal
forging with low strain rates (0.005 s) typica of
hydraulic presses.
The main objective of thiswork is to study how work
temperature and deformation speed influence the
microstructure and the workability of the aloy.
Compression tests were carried out to define the best
processing conditions to be used in the isothermal
forging of femoral stems used in surgical implants.

2EXPERIMENTAL METHODSAND
MATERIALS

Cylindrical specimens were cut off from a
hot rolled bar with a 17 mm gauge diameter. This bar
from IMI Titanium Ltd. (IMI 367 aloy) had been
previousy annealed at 750 °C for one hour and air-
cooled and had the chemical composition shown in
table 2 and the mechanical properties shown in table
3[12].

The specimens were machined to cylinders
12 mm long and 8 mm in diameter. These cylinders
were deformed by isothermal compression in a
universal testing machine at temperatures of 750,
850, 950 and 1030 °C and constant deformation
speeds of 1.0, 0.1 and 0.01 mm/s [13]. To simulate
the processing conditions present in industrial hot
forging no lubricant was used in all the tests.

During the tests the specimens were heated
with the compression dies in an electrical furnace
without atmospheric treatment for a soaking time of
10 minutes at al temperatures. Heating time varied
from 10 to 25 minutes depending on the strain in
each test, defined by the maximum compression load
limited to 19600 N. The tests were replicated three
times. Once deformed, the specimens were removed
from the furnace, air cooled to reproduce forging
conditions, and finally, prepared for micrographic
and X-ray diffraction analyses.
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Fig. 2 Phase diagrams: (@) Ti-Al system [9] and (b) Ti-Nb system [10]

Table2 Chemical composition of the alloy as received [9]

Element C N O Al Nb Ta Fe H V Ti
Weight % 0.015 | 0.0087 | 0.190 | 6.280 | 7.235 [ <0.50 | 0.190 | 0.001 - basis
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Table 3 Mechanical properties of the as-received
aloy [9]

Yield Tensile Percent Percent
strength strength elongation area
reduction
928 MPa 1038 MPa 14.5% 49%

The material as received and the deformed
specimens were cut off at the longitudinal section,
pressed in Bakelite for 20 minutes at 220 °C and
abraded and polished in sequence with 6 mm
diamond paste, then with Cr0; and Al,O; solution (1
nm of granulometry) and finally with colloidal silica
suspension with a0.01 nm granulometry. To analyse
the microstructure the samples were etched for 5
seconds with Kroll solution (HNOs - 5 ml, HF - 10
ml and distilled water - 85 ml).

3 RESULTSAND DISCUSSION

Barrelling was present in al deformed
specimens, and increased as temperature and speed
deformation were increased. Longitudinal sections
of these specimens showed a “ X" aspect, typica of
cylinders compressed under diding friction
conditions. Three regions are present denoting
heterogeneity of deformation, one region near the
dies surfaces with low deformation due to the
sticking effect, a second near the free surface with
high deformation, and the third region represented
by the “X” between the other two regions,
presenting high shear stresses[14].

This inhomogeneous deformation causes
difficulties in obtaining and interpreting flow stress
asymmetry  observations and  microstructural
changes, specialy at large plastic strains [15]. To
make the microstructural analysis uniform for all
deformed specimens, micrographs were aways
taken from the region near the free surface except
when mentioned in the analysis.

The micrograph of the material as received

(figure 3) shows an a+b microstructure, deformed
and elongated in the rolling direction, with white a
grains and dark acicular a grains within a b-
transformed matrix.
Table 4 shows the peaks (2g angles) obtained for
this material. The crystallographic planes and phases
identified with these peaks are similar to those found
inthe Ti-6Al-4V adloy [16].
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Fig. 3 Micrograph of the initial material
as received: longitudinal section.

The deformed specimens were also analysed
by diffractometry, but it was difficult to identify the
b phase peaks because they appear near a phase
peaks, as seen in table 4. There were some variations
among the 2g angles, probably due to different
strains for each specimen. With the diffractograms it
is possible to state that no different phase had
precipitated when the specimens were deformed.
Table 5 shows the 2q diffraction angles with the
respective crystallographic planes of the deformed
specimens.

3.1 Testsat 750 °C

Specimens deformed at 750 °C showed a deformed
microstructure with a grains and a-acicular within a
b matrix at the boundaries of a grains. Engineering
strain varied from 9 to 62% and no interna or
superficial defects were observed, denoting good
workability. Specimens with engineering strains of 9
and 15% and speeds of 0.01 and 0.1 mm/s showed
the same microstructure as that of the initial
material. On the surface the elongation of the grain
changed direction due to deformation. The
boundaries of a grains became sharper.

Table 4 Diffraction results for the 2q angles
material asreceived

2q Probable crystallographic plane Phase

30.0 -
34.6 (100)

a
37.6 (002) a
384 (110) b
39.5 (101) a
52.4 (102) a
62.6 (110) a
70.0 (103) a
76.0 (112) a
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With the increase in engineering strain (40%
and 0.1 mm/s), microstructure changed and most of
the grains were elongated and reoriented. Only the
central region of the specimens kept origina
microstructure. Some small and well-defined grains
were observed, denoting the beginning of a
recrystallized structure.

With the high engineering strain (62% and
0.01 mm/s) the specimen showed a strongly
deformed microstructure, and it was difficult to
observe grain boundaries. The recrystallization was
probably not too fast and grains became refined and
distorted (figure 4).

27

3.2 Testsat 850 °C

Specimens deformed at 850 °C showed different
microstructures depending on engineering strain
applied, as observed with specimens worked at 750
°C. But at 850 °C the effect of strain speed was more
intense, influencing recrystallization.

With an engineering strain of 4% and a
speed of 1.0 mm/s the structure was similar to the
material as received. With the same speed and a
strain of 58% different microstructures were
observed.

Table5 Diffraction results for the 2q angles - deformed specimens
(First row: temperatures, second row: deformation speed [mm/g]) (-) very low peak intensity

750°C 850°C 950°C 1030°C
(Crystallographic
Planes) - Phases
001 | 01 10 | 001 | 01 10 | 001 | 01 1.0 | 001 01 | 1.0
312 | 312 306 | 314
355 | 355 | 358 | 356 | 357 | 358 | 355 | 350 | 3.7 | 348 | 3B5| 355 (100) - a
385 | 385 | 388 | 387 | 387 | 388 | 384 | 380 | 388 | 380 | 384 | 384 (002) - a
392 | 392 | 393 | 392 | 393 | 394 | 390 | 388 | 394 39.0 | 39.0 (110) - b
405 | 404 | 40.7 | 406 | 40.7 | 40.8 | 404 | 400 | 40.7 | 40.0 | 40.0 | 405 (101) - a
532 | 532 | 534 | 533 | 534 | 534 | 530 | 528 | 534 | 53.1 | 532 | 532 (102) - a
635 | 633 | 636 | 635 | 636 | 637 | 634 | 630 | 638 | 632 | 631 | 634 (110) - a
708 | 708 | 708 | 708 | 71.0 | 7.0 | 706 | 706 | 708 | 704 | 70.8 | 70.6 (103) - a
765 | 766 | 768 | 766 | 768 | 768 | 76,6 | 764 | 768 | 76.1 | 765 (112)-a
782 | 778 | 780 | 780 | 780 | 782 | 778 | 776 | 780 | 776 | 778 (201) - a
82.0 (004) - a

Fig. 4 Micrograph of deformed specimens at
750°C: v = 0.01 mm/s and e = 62%.
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Fig. 5 Micrograph of deformed specimens at
850 °C: v = 0.01 mm/s and e = 54%.
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At the periphery (the most deformed region)
the structure was oriented and aligned with the
direction of the flow, with white a grains and well-
defined b grains at the boundaries. In the region in
contact with the dies (high friction and low
deformation) the structure was the same as that of
the received material, but the grains were coarser
and better defined. The central region showed a
recrystallized structure apparently undeformed with
equiaxial white a grains surrounded by b grains.

The same structure was observed in the
specimens deformed with a speed of 0.01 mm/s and
engineering strains equal to or greater than 54%
(figure 5). Under these conditions, the structure was
totally recrystallized with more homogeneous grains
and boundaries that were not well defined. Some
grains were deformed and oriented by flow
direction.

Specimens deformed with a speed of 0.1
mm/s and an engineering strain of 26% showed
deformed grains like those in the material received.
However they had better defined boundaries and
some small equiaxia grains appeared. With an
engineering strain of 62% the structure was
completely recrystallized, which was more evident
in regions with higher strains.

Under all these conditions at 850 °C the
material showed good workability since no defects
were observed.

3.3 Testsat 950 °C

The samples deformed at this temperature showed
the same microstructure under all different test
conditions for speed and strain: globular and
acicular a grains within a b-transformed matrix with
equiaxial grains. In the regions where deformation
was intense, the microstructure was elongated with
the flow lines. In contrast to the microstructures
deformed at other temperatures, at 950 °C grain
boundaries were better defined, dynamic
recrystallization was evident and grain refinement
was aso observed with speed of 0.1 and 1 mm/s
and engineering strains near. With the same strain
and at lower speeds the microstructure was more
homogeneous and the grains were coarsened (figure
6 — a speed of 0.01 mm/s and an engineering strain
of 74%). The aloy showed good workability at
950 °C: the highest engineering strains were reached
at this temperature and no defects were present in
the samples analysed.
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Fig. 6 Micrograph of deformed specimens at
950°C: v =0.01 mm/sand e=74%.

3.4 Testsat 1030 °C

Specimens deformed at this temperature (above a/b
- b transformation) showed the same microstructure
for al strain speeds applied in the tests. The grains
were not oriented in the flow direction and grain
coarsening was intense and heterogeneous. Some
grains showed coarsened regions of a phase. All
samples showed the Widmanstdten microstructure
[17]: acicular a grains surrounded by acicular b
grains, as shownin figure 7.

When deformed at temperatures in the b
phase region, the a+b alloys like Ti-6Al-7Nb
probably had their microstructures dynamicaly
recovered [18]. That was apparently confirmed in
this work by the absence of small grains and
subgrains in al samples regardless of strain speed,
because at this temperature the solid-state diffusion
rates are increased allowing grains to be coalesced
and coarsened.

Fig. 7 Micrograph of deformed specimens at
1030 °C: v = 0.01 mm/s and e = 82%.
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Samples deformed at temperatures above
950 °C without atmospheric treatment showed a
light a-case layer formed by the diffusion of
oxygen. Apparently workability was not influenced
since no cracks were observed. The thickness of the
layer increased as temperature was increased, but it
was relatively thin in comparison with the thickness
of the sample (figure 8).

Fig. 8 Micrograph of deformed specimen at
1030 °C: light a-case layer with thickness of 50 nm.
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35 Stressstrain behaviour and workability
analysis

Figures 9 to 12 present the stress-strain curves of the
isothermal compression tests, with s, representing
the engineering stress and s, representing the true
stress. Deformation speeds are represented by the
numbers beside s, and s,.

True stress curves show that for al test
temperatures, flow stress increased as deformation
speed increased. The maximum strain obtained was
limited by the nominal capacity of the equipment
limited to 19600 N.

Tests at 750 °C (figure 9) showed the
highest yield stresses corresponding to a deformed
and non-recrystallized microstructure, as shown in
figure 4. Even with a deformation speed of 0.01
mm/s the recrystallization was not preponderant and
the flow stress was higher than for other
temperatures (greater than 100 MPa). The constant
flow stress observed in these curves, despite related
to deformed microstructures, resulted from softening
mechanisms governed by dynamic recovery [19].

Temperature 750 °C

.
7
.
.

L s,0.0L ms

.

S, 0.01 mm/s

| 1 1 1 | 1 J

0.0 0.2 04

0.6 0.8 10 12

Strain

Fig. 9 Stress-strain curves of compression tests at 750 °C and different deformation speeds
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Fig. 10 Stress-strain curves of compression tests at 850 °C and different deformation speeds
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Fig. 12 Stress-strain curves of compression tests at 1030 °C and different deformation speeds

At 850 °C (figure 10) flow stress was
reduced mainly for deformation speed of 0.01 mm/s
(near 75 MPa), representing a partialy recrystallized
microstructure with some regions presenting
deformed and oriented grains (figure 5). The flow
stress was still high if compared to those obtained at
950 and 1030 °C where recrystallization of the
microstructure was compl ete.

Most of the curves presented a remarkable
decrease in flow stress after yielding, mainly for
speeds of 0.1 and 1.0 mm/s, as a result of softening
mechanisms like dynamic recrystallization as related
by other works [19,20,21] and confirmed when
analysed with the correspondent microstructures.

After this “stress peak” flow stress remains
constant under continuing deformation, since the
temperature was not high enough to promote
continuous dynamic recrystallization. In contrast, at
950 and a speed of 0.01 mm/s (figure 11) and at
1030 °C for al speeds (figure 12), the flow stress
remained almost constant till the end of the tests.
These characteristics define a superplastic behaviour
when the softening mechanisms overcome strain-
hardening effects.

This behaviour confirms the conclusions
drawn about the microstructures, namely that
dynamic recrystallization is dependent on
compression temperature and on deformation as
well.

The highest strains were obtained at 950 and
1030 °C with the lowest deformation speed (0.01
mm/s). These tests showed the highest workability
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since no defects were found in the specimens and
minimum flow stresses were observed.

4 CONCLUSIONS

The following conclusions can be drawn from the
results obtained in this work:

1. The microstructure and mechanical properties of
isothermal forged Ti-6Al-7Nb are affected by
temperature, deformation speed and strain. High
temperatures, low speeds and large strains
facilitate recrystallization in the a+b region.
Inside the b region, samples deformed during
long periods at high temperatures and low
strains showed a coarse microstructure.

2. Five different microstructures were found in
sequence with increase in temperature: (1)
deformed and oriented a grains within a b-
transformed matrix softened by dynamic
recovery; (2) recrystalized grains and isolated
regions of b; (3) globular and acicular a grains
within a b-transformed matrix, (4) the
Widmanstatten microstructure, and finaly, (5) a
coarse a+b microstructure;

3. Three different softening mechanisms could be
observed in the microstructures: (1) dynamic
recovery and dynamic recrystallization at 750
and 850 °C; (2) dynamic recrystallization and
grain boundary diding at 950 °C, and (3)
dynamic recovery with coaescence of grains at
1030 °C;
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4. Under all the test conditions softening
mechanisms equalised or overcame the strain
hardening effect;

5. The influence of deformation speed on flow
stress is reduced with an increase in work
temperature;

6. To obtan an a+b microstructure with
recrystallized and refined grains, the best
conditions for isothermal forging are a
temperature of 950 °C and a deformation speed
of 0.01 mm/s;

7. The a-case layer observed in samples deformed
above 950 °C did not reduce the dloy’s
workability but should be prejudicial to forging
quality and must be removed.
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