Influence of Thermomechanical Processing on Low
Cycle Fatigue of Prealloyed Ti-6Al-4V Powder Compacts
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A wide range of microstructures was generated using various thermomechanical processing sequences
in Ti-6Al-4V Rotating Electrode Process (REP) powder compacts of low contaminant content. Low
cycle fatigue results were found to be superior to those in higher contaminant compacts tested in a
previous program. All microstructural groups showed fatigue strengths equivalent to those found in
wrought alloy, with the beta-annealed condition being lowest as expected. Alpha + beta work and
solution treatment resulted in an excellent fatigue strength of 875 MN/m? (127 ksi) at 10° cycles;
85 pet of the UTS. In the five conditions tested, the fatigue strength increased with increasing tensile
strength, decreasing grain size, and increasing volume fraction of low aspect ratio primary alpha. Most
crack initiation sites were observed at the specimen surface. Only alpha + beta worked and solution-
treated material exhibited subsurface initiations, none of which was associated with any defect or with
a lower fatigue life. Although compacts contained some tungsten particles, in no case were -they
associated with crack initiation sites, indicating that they were innocuous in the conditions evaluated.

I. INTRODUCTION

REcENT developments in titanium powder metallurgy
(PM) have been aimed at producing lower cost components,
while maintaining mechanical properties at least equivalent
to those exhibited by wrought material.'~* The static proper-
ties of PM Ti-6Al1-4V, such as tensile behavior and fracture
toughness, have been found to be equal to wrought levels.
However, dynamic properties of PM material, such as low
cycle fatigue (LCF)’ and high cycle fatigue (HCF),*" in
which initiation plays a major role, can be degraded as a
result of high contaminant levels. These contaminants result
from insufficient attention being given to cleanliness during
powder production and subsequent handling. During the
past decade, only one type of prealloyed powder has been
available in commercial quantities: the Rotating Electrode
Process (REP) powder.'" This powder can contain various
types of contaminants including: (a) tungsten particles from
the tungsten cathode, (b) cross contaminant particles such as
iron and superalloy powders, and (c) nonmetallic inclusions
introduced during powder handling. Previous work on the
effect of thermomechanical processing (TMP) on the micro-
structure of REP compacts indicated that mechanical be-
havior, LCF in particular, was degraded compared to
wrought material.” In contrast to the majority of other results
reported,' that work® also showed fatigue crack initiation
predominantly at tungsten particles rather than at cross-
contaminant metal particles or nonmetallic inclusions.

In the past few years, greatly improved REP powder has
become available, and more recently a tungsten-free powder
has been produced using a plasma source rather than the
previously used tungsten arc. This new Plasma REP powder
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is termed PREP." However, even in extremely clean pow-
der, a few, albeit small, contaminant particles exist. Com-
plete removal of these by cleaning would make the powder
prohibitively expensive.'? Thus, to make use of powder
compacts in fracture critical applications, it is necessary
either to accept some degradation in defect sensitive me-
chanical property behavior or to render innocuous the
foreign particles present. One way to achieve this latter ob-
jective is to reduce the content of the contaminants below
some critical levels. The levels required have been defined
for superalloys,” and a parallel study to determine these
levels in the titanium system" is currently in progress. The
critical parameters are likely to vary with changes in alloy
strength level, ductility, and microstructure. It was the
primary aim of the present work to vary the Ti-6Al-4V
microstructure by TMP, and to investigate whether this
would make consolidated powder less sensitive to pre-
mature crack initiation at tungsten or other contaminant par-
ticles in LCF tests. The REP powder used in this work was
the cleanest available at the time the program was initiated
and was produced using practices designed to give low
tungsten and low cross-contaminant/nonmetallic inclusion
contents. This powder was therefore used for the program
knowing that when PREP powder became available, it
would be even cleaner as no tungsten would be present and
a facility dedicated to titanium would be used." Since tung-
sten particles had been the predominant LCF initiation sites
in the earlier work, it was felt that the cleaner REP compacts
should exhibit superior mechanical properties.

II. EXPERIMENTAL PROCEDURES
AND RESULTS

A. Material

Two Ti-6Al-4V REP powder compacts were HIP con-
solidated by Colt Industries, Crucible Compaction Metals
Operation at 915 °C (1685 °F) for six hours at 1 Kbar
(15 ksi) pressure using the ceramic mold process." The
compacted logs measured 95 mm (3.75 inches) diameter by

VOLUME 14A, DECEMBER 1983 — 2497



Table 1.

Chemical Compositions — Wt Pct

Element Al \% Fe C N, (03 H, w Ti
Present work 6.1 4.1 0.21 0.01 0.026 0.198 0.0177 0.004 Bal.
Previous work 5.8 4.4 0.08 N/A N/A 0.116 N/A 0.024 Bal.

Table II. Thermomechanical Processing Conditions
Final Forging Annealing
Condition Temperature Heat Treatment Treatment Condition
Number °C (°F) °C (°F) °C (°F) Designation
1 — — — as-HIP’d
2 — 960 (1760)/1h/WQ 700 (1290)/2h/AC HIP’d + H.T.
3 950 (1740) 920 (1685)/4h/FC — HIP’d + hot work + HIP thermal cycle
4 950 (1740) 960 (1760)/1h/WQ 700 (1290) /2h/AC  HIP’d + hot work + H.T.
5 — 1040 (1900)/1h/FC 730 (1350)/4h/AC  HIP’d + beta annealed

200 mm (8 inches) long and weighed approximately 5 kg
(10.5 pounds) each. The chemical analysis of the compacts
is listed in Table I and is compared to the chemistry of ma-
terial used in the previous work.® The most significant dif-
ferences in chemistry are in oxygen and tungsten contents.

B. Thermomechanical Processing

Five microstructural conditions were developed by ther-
momechanical processing as listed in Table II. The forging
of Conditions 3 and 4 material was performed on a 500
metric ton hydraulic Lombard press, operated in a constant
crosshead speed mode. An adjustable width channel re-
sistance heated hot die set-up was used, which confined the
forging width and allowed the workpiece to elongate. A
three-step forging process was used with two steps at
1125 °C (2060 °F) and final forge at 950 °C (1740 °F).
Based on cross-section area reduction, the total deformation
was 56 pct with most of the work being done at the lower
temperature. In all three steps, the dies were heated to
950 °C (1740 °F) and a 0.5 hour soak-time was used.

C. Microstructural Conditions

Photomicrographs of all five conditions are shown in
Figures 1(a) through 1(e).

Condition I is the baseline as-HIP’d microstructure con-
sisting of a low aspect ratio alpha plate structure.

Condition 2 has a microstructure developed using a near-
transus alpha + beta solution treatment. It combines about
50 vol pet primary alpha remnant of the as-HIP’d structure,
which is crack initiation resistant in low" and high'® cycle
fatigue, in a matrix of highly crack propagation resistant,
fine transformed beta structure. "

Condition 3 simulates the HIP thermal cycle (same tem-
perature, time, and cooling rate) in an alpha + beta worked
material. This condition thus allows a direct determination
of the effect of hot-work alone on the fatigue by comparing
Conditions 1 and 3.

Condition 4 is similar to Condition 2 but the alpha +
beta work produces globulization of the primary alpha
(about 50 vol pct) during heat treatment. "® The lower aspect
ratio of the primary alpha was expected to improve the crack
initiation resistance.” A similar condition was also used
in the previous work.’
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Condition 5 is a beta annealed condition with large beta
grains and colonies of high aspect ratio alpha plates. This
microstructure is known to be very sensitive to defect
induced crack initiation?° and thus was expected to
accentuate the effect of contaminants on fatigue life and
show inclusions in the crack initiation sites.

Of the five microstructures tested, Condition 4 had
the finest primary alpha followed by Condition 2 and
Condition 3. The as-HIP’d Condition 1 displayed coarser
primary alpha while the beta annealed Condition 5 could be
considered as the coarsest alpha structure in this work.

D. Mechanical Properties

Tensile tests were conducted both at AFWAL (USA) and
IMI (UK) using specimens measuring 4 mm diameter X
16 mm long (0.16 X 0.63 inch) and 5.66 mm diam-
eter X 28 mm long (0.22 X 1.1 inches) nominal gage
lengths cut in the longitudinal direction, respectively, at
approximate strain rates of 0.005 mm/mm/min (AFWAL)
and 0.0025 mm/mm/min (IMI) through the 0.2 pct yield
point. The test results were in very good agreement and have
thus been combined in Table III; each value represents the
average of at least four tests.

Only six small size fatigue specimens of each condition
were tested due to the limited compacted material available.
The specimen design is shown in Figure 2. Tests were con-
ducted on a modified rupture load frame equipped with a
rotating arm which loaded and unloaded weights at 0.15 Hz
frequency and R value (minimum stress/maximum stress)
of zero.

The fatigue data points and the best fit fatigue curves for
all five conditions are shown in Figure 3. These curves are
compared in Figure 4 to the scatterband of the fatigue results
of lower contaminant level REP powder compacts (22 ppm
rather than the 40 ppm tungsten in the present work) HIP
consolidated to a different microstructure and strength level
of 985 MPa (143 ksi).*>!° It should also be noted that the
lower contaminant REP compact was fatigue tested at a
higher frequency (5 Hz and R = 0.1). However, a number
of Condition 1 specimens were tested under the same higher
frequency fatigue conditions and produced almost iden-
tical results to those of Condition 1 in the present work
so these results are compatible for comparison purposes.
Figure 4 also includes the fatigue data from the earlier work®
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COND. 1

comp. 3

with microstructures equivalent to Condition 4 in the present
work but with higher levels of contaminants (Table I).
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Fig. | —The 5 microstructures of the conditions listed in Table II. (a) As-
HIP’d; (b) 960 °C solution treated + aged; (c) 950 °C forged + 920 °C
heat treated; (d) 950 °C forged + 960 °C solution treated + aged; and
(e) 1040 °C beta annealed + aged.

E. Metallography and Fractography

The origins of fatigue failure of all specimens were exam-
ined by scanning electron microscopy. Subsurface crack
origins are noted by an “1” next to the individual data points,
both in Figures 3 and 4. Only 5 out of the 33 tested speci-
mens had a subsurface origin, 4 from Condition 4 group and
1 from Condition 5. No pores or inclusions were observed
at those subsurface initiation sites although the compacts
contained a few small pores (Figures 5(a) and 5(b)) and both
metallic (including tungsten) and nonmetallic contaminants
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Table III.

Tensile Test Results of Ti-6Al-4V Compacts®

0.2 Pct Y. S. U.T.S. Elong. RA
Material MPa (ksi) MPa (ksi) Pct Pct
Condition 1 95 mm diameter, HIP billet 875 12mn 995 (144) 16 37
Condition 2 95 mm diameter, HIP billet 1000 (145) 1105 (154) 14 35
Condition 3 56 mm square, HIP + forge 885 (128) 1005 (146) 16 39
Condition 4 56 mm square, HIP + forge 1015 147) 1120 (163) _ 14 4?2
Condition 5 95 mm diameter, HIP billet 870 (126) 985 (143) 12 23
Condition 4 50 mm square, HIP + forge 905 (131) 1025 (149) 19 40
(Previous work®)
*Combined AFWAL and IMI data
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Fig. 3— Maximum stress vs cycles to failure S-N curves and data points
of the 5 microstructural conditions.

(Figures 5(c) and 5(d)). Typical surface and subsurface
initiation sites are shown in Figures 6(a), 6(b), 6(c), and
6(d), respectively.

A few small pores, of the order of a few microns in
diameter, were detected both on the fracture surface near
some initiation sites (Figure 7(a)) and on metallographically
prepared sections for Conditions 2 through 5 (Figures 5(a)
and 5(b)). Those pores were not associated with lower fa-
tigue life, and it was concluded that their small size did not
affect the crack initiation process. "

A thermally-induced porosity (TIP) test was conducted
on a 12 mm (0.5 inch) cubic specimen of Condition 1. The
specimen was vacuum heat-treated at 1300 °C (2370 °F) for
two hours and slow-cooled,” which produced a TIP porosity
of 1 vol pet (Figure 7(b)). This suggests that some argon
leaked into the evacuated can during the HIP cycle resulting
in as-compacted material containing argon in solution. The
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requires further work, since it should be noted that the
porosity in the as-processed conditions (Figures 5(a) and
5(b)) was somewhat different in appearance to that produced
after the TIP cycle. The former pores were not spherical
and were located at prior particle boundaries. Chemical
analysis of one as-HIP’d sample revealed the presence of
argon but at a level of less than 1 ppm.

III. DISCUSSION

The wide range of microstructural conditions attained in
this work by the thermomechanical treatments employed
(Table II) are shown in Figures 1(a) through 1(e). The simu-
lated HIP heat cycle of Condition 3 generated a micro-
structure very similar to Condition 1, except that the alpha
was more equiaxed.'® The similarity of structures resulted in
almost identical fatigue curves (Figure 3) for these two con-
ditions. The fatigue strength of material evaluated in the
present work exceeds that determined in an earlier evalu-
ation of consolidated REP powder which contained a higher
level of tungsten contamination® (Table I). The processing
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Fig. 5—(a) and (b) Low and high magnification of a micropore in Condition 4 material; (c) and (d) SEM image and X-ray image of tungsten contaminants
in Condition 1 material.

parameters and microstructure of the material used in the
earlier work were similar to Condition 4 in the present work
(Table II). Therefore, the reduction in fatigue strength due
to the high tungsten level can be shown by comparing these
data to the curve for Condition 4 (Figure 4). However, it is
likely that part of the fatigue degradation is due to the lower
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tensile strength of the material tested in the prior work
(Table III). The fatigue curve for the high tungsten material
(Figure 4) is clearly lower than those for all conditions in the
present work except, as anticipated, for the beta annealed
Condition 5. The data scatter of the high contaminant mate-
rial (Figure 4) is also much larger than that for the low
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Fig. 6—(a) and (b) Faceted fatigue surface initiation in Condition 1 and 5 specimens, respectively; (c) and (d), defect-free subsurface fatigue initiations
in Condition 4 specimens.

contaminant material studied in the present work (Figure 3).
In the earlier work, tungsten particles were identified at
internal fatigue origins and, therefore, could have con-
tributed to a reduction in fatigue strength. In the present
material, some internal origins were observed but no tung-
sten or other extraneous element was identified at the origin,
and although some porosity was observed in the billets
(Figures 5(a) and 5(b)), none appeared to be present at the
origins. It must be concluded, therefore, that some of the
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improvements in fatigue strength, compared with earlier
REP compacted material, resulted from a reduction in tung-
sten contamination. Some of the improvement in fatigue
strength also results from the higher strength of the present
material (due in part to higher levels of oxygen and iron). A
cleaner PREP powder than the one used in the present work
is now commercially available," and based on the present
data, it is reasonable to assume that the good fatigue proper-
ties will be at least maintained with the cleaner powder.

METALLURGICAL TRANSACTIONS A



Fig. 7—(a) Micropore on a fatigue fracture surface (not an initiation site);
(b) Thermally-Induced Porosity (TIP) after 1300 °C/2h thermal exposure
and slow-cool in Condition 1 material.

However, it may also be necessary to improve the control of
chemical composition, in particular oxygen content, if a
high fatigue strength is required.

In the cases of Conditions 2 and 4, the heat treatment
and/or the thermomechanical processing resulted in higher
tensile strength than the other conditions. The higher fatigue
strength of these conditions is probably, in part, a reflection
of this strength increase. The microstructures of Conditions
2 and 4 contain about 50 vol pct of low aspect ratio primary
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alpha in a matrix of finely transformed beta. The lower
primary alpha aspect ratio of Condition 4, its smaller size as
well as the slightly higher strength level, are considered to
be the cause for the better fatigue strength. This is consistent
with the findings of other work where fatigue crack initia-
tion appeared to be associated with the elongated primary
alpha’ resulting from a less extended HIP cycle (lower tem-
perature, shorter time) than in the present work. Condition
4 produces a remarkably high fatigue strength at 10° cycles
of approximately 875 MN/m? (127 ksi) which is 0.85 of the
UTS. The large number of subsurface initiations in this
condition (four out of five failed specimens) is not under-
stood, but is definitely not associated with lower fatigue life.
All subsurface initiation sites (Figures 6(c) and 6(d)) were
found to be unrelated to defects or irregularities of any sort
in the microstructure. Previous work on fatigue crack ini-
tiation of wrought titanium alloys®?* showed that sub-
surface initiation could be associated with better fatigue
life provided that it did not originate at material defects
(pores or inclusions). A typical surface initiation location of
Condition 1 specimen (Figure 6(a)) shows a faceted fracture
with few alpha plates visible on this surface. This suggests
that there may be some orientation relationships between
adjacent alpha plates (Figure 1(a)), leading to a localized
fracture mode similar to that in a beta annealed material. >

As anticipated, Condition 5 demonstrated lower fatigue
life from a beta annealed microstructure.'®® This behavior
is related to the very large crack initiation facets evident in
Figure 6(b). These facets are the result of the large colonies
(Figure 1(e)) of similarly aligned and crystallographically
oriented alpha plates.”’ There is also evidence of secondary
cracking at these locations which is typical of a large colony
beta annealed structure.” However, it was also expected
that this structure would initiate cracks at contaminants
or pores' (which was the reason for the inclusion of this
condition), but five out of six Condition 5 specimens exhib-
ited failures starting at surface locations with no apparent
relation to defects. Another typical characteristic of this
coarse colony structure is fracture facets with two or more
alpha plate orientations both in crack initiation (Figure 8(a))
and propagation (Figure 8(b)) locations. This was pre-
viously observed in beta annealed wrought alloys in which
facets were found to be on or near (0001), planes.*? This
multi-colony fracture makes the potential initial crack size
even larger than a colony size. In some extreme cases, the
initial crack could be as large as the whole beta grain when
the alpha plate colonies within a single beta grain, which
relate to each other through the Burger’s relationship, will
share common basal plane.

The additional comparison data (shaded area in Figure 4)
was developed from REP low contaminant compacts in
a parallel program.’ The data from the present work
(Conditions 1 through 4) show better fatigue lives at the 10°
cycles range even for the as-HIP’d Condition 1. This is
attributed to the lower aspect ratio primary alpha plates,
which result from a longer HIP time and slower cooling
rate. " These fatigue data (a) are also at a similar level to the
best results from wrought mill anneal Ti-6A1-4V material.?

It is important to note that the small pores observed met-
allographically in Conditions 2 through 5, which may be
attributable to TIP, were not detrimental to fatigue life. It
appears that porosity which is smaller than some critical
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Fig. 8—(a) Multi-colony initiation facet and () multi-colony propaga-
tion facet.

size does not promote early fatigue crack initiation. Initial
work has shown that this critical size could be as large as
50 microns."

IV. SUMMARY AND CONCLUSIONS

A wide range of microstructures was developed in HIP
consolidated REP Ti-6Al-4V powder compacts by thermo-
mechanical processing and was evaluated for low cycle
fatigue (LCF) behavior.
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1. These conditions demonstrated better LCF strength than
previously tested PM material which had a higher con-
taminant level and also lower strength level.

2. Conditions with similar microstructures like Condi-
tions 1 and 3 or Conditions 2 and 4 exhibited similar
fatigue results.

3. In the five microstructural conditions tested, the fatigue
strength increased with increasing tensile strength, de-
creasing primary alpha size, and decreasing alpha aspect
ratio. As a result, Condition 4 (alpha + beta worked and
solution treated) demonstrated the highest fatigue
strength and the beta annealed material, Condition 5, had
the lowest fatigue strength.

4. Fatigue failure initiation sites were not associated with
contaminants or pores. In particular, no crack initiation at
tungsten particles was seen in the present work.

5. Most alpha + beta worked and solution treated Condi-
tion 4 specimens showed fatigue initiations at subsurface
locations. These locations were not associated with de-
fects or lower fatigue life.

6. All conditions (except the beta-annealed Condition 5),
demonstrated fatigue strength higher than reported in
other work on PM material and were within the fatigue
scatterband of mill annealed wrought alloy material with
a typical tensile strength of 960 MPa.

7. Some porosity was present, which may have been ther-
mally induced. However, this was not associated with
crack initiation and did not appear to cause any detectable
reduction in fatigue life.
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