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Effect of Beta Flecks on Low-Cycle Fatigue Properties
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The effect of beta flecks on low-cycle fatigue (LCF) properties was investigated at room temperature for a
high-temperature (a + B)-processed and also @-processed Ti-10V-2Fe-3Al alloy. For both thed + B)-
processed and thg8-processed material, beta flecks had a significant influence on LCF and tensile properties.
The materials with beta flecks showed a loss in LCF life and ductility. Larger beta flecks resulted in lower
LCF life and ductility. It seemed that B-forged material contained much smaller beta flecks but had a similar
detrimental effect on LCF properties as the & + 8)-processed one. Based on the diffusion calculation, it could
be concluded that chemical composition inhomogenieties could not be reduced by using beta forging in the
820°C B region. Extensive light microscopy and scanning electron microscopy (SEM) observations showed
that beta flecks were susceptive to crack nucleation and propagation.

Keywords beta flecks, intergranular cracking, low-cycle fatigug, structural examinations and fractography were also carried out,
Ti-10V-2Fe-3 Al alloy so that a correlation between beta flecks and mechanical proper-
ties could be established.

1. Introduction .
2. Materials and Procedures

The Ti-10V-2Fe-3Al alloy (hereafter designated as Ti-10-2-3)
is a near-beta titanium alloy. It is quite attractive for commercial ~ The Ti-10-2-3 alloy used in this investigation was received in
use because of its combination of strength, hardenability, ductility, the form of 70 mm diameter rolled bar containing profuse beta
and toughnes$2 Due to increased additions of beta stabilizing flecks. The chemical composition is given in Table 1 in com-
elements, namely, vanadium and iron, a melt process segregatiofarison to BMS7-260B%
problem called “beta flecks” can be encountered for large-ingot ~ T0 evaluate the effect of different forging technologies on
materials. The beta flecks are defined as segregated volumes in d¢ta flecksa + B forging andp forging were used. The + 3
ingot having relatively large localized concentrations of beta sta- Processed material had been forged at “T70solutionized at
bilizing elements. It has been generally accepted that beta fleckg80°C for 2 h, water quenched, aged at 8€0for 8 h, and air
of Ti-10-2-3 are caused primarily by local concentration of#®n.  cooled. The8-processed material had been forged at'8@o-

There has been a great deal of attention given to Ti-10-2-3lution treated at 76€C for 2 h, water quenched, aged at 320
and other titanium alloys in fatigue critical applications, and de- for 8 h, and air cooled.
spite this, very little has been done to correlate beta flecks to me- The LCF specimens were machined fram S-forged and
chanical propertie&1! Rudinger and Fisher have shown no B-forged materials. Most of the LCF tests were performed on
adverse effect of beta flecks on properties such as tensile, highcylindrical specimens with a diameter of 5 mm and a gauge
Cyc]e fatigue and |0W_Cyc|e fatigue (LCF) in the annealed con- Iength of 25 mm. The other LCF SpeCimenS were machined into
dition.®! However, a loss in fatigue properties was observed in plates, so that beta flecks could be more evident. The LCF tests
Ti-17 and Ti-10-2-3 alloy processed in the elevatet j3 re- were accomplished on a MAYES testing machine (Hongyuan
gion8 Our preliminary studies have also shown beta flecks hadForging and Casting Co., Sanyuan, Shaanxi, China)Ritatio
a detrimental effect on ductility and LCPE2 of 0.1 and a cyclic frequency of 15 Hz.

The purpose of this investigation was to examine the LCF of ~ Optical metallography was carried out on the fractured spec-
the alloy in thea + B-forged andB-forged conditions. Micro- imens polished by standard methods. The specimens for metal-

lographic examination were etched in a solution of 8 mL HF,

Zeng Weidong, Zhou YigangandYu Hanging, Northwestern Poly- 10 ML HNG;, and 82 mL HO. The fractography was carried out
technical University, College of Materials Science and Engineering, by JSM-35C scanning electron microscopy (Northwestern Poly-
Xi‘an, Shaanxi 710072, China. technical University, Xi'an, China).

Table 1 Chemical Compositions of Ti-10V-2Fe-3Al Alloy

Alloy element Al V Fe Si C N H (@) Ti

Concentration (wt. %) 3.05 10.23 2.08 <0.05 0.015 0.014 0.02 0.013 Bal

Requirements according to 2.6-3.4 9.0-11.0 1.7-2.2 0.10 0.05 0.05 0.015 0.13 Bal
BMS7-260B
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3. Experimental Results lowering of B transus due to the enrichment vgtktabilizing
elements. Extremely large beta grains (abouti2fPwere then
developed locally due to the absence @ restrict grain growth.
It is difficult to distinguish beta flecks from the usual aged ma-
In order to correlate beta flecks and LCF, one-half of a frac- trix in the 8-forged condition, because both of them contained
tured specimen was prepared for microstructure evolution, and thex microstructure with a large formgigrain size andr plates
other half was used for fractography and chemical composition(Fig. 2c and d). It was noted that beta flecks contained a much
measurement. Being resistant to etching, beta flecks were brightoarserB grain in whicha plates were indistinct because of re-
strips or bright blocks in macrographic examination, as shown insistance to etching and, accordingly, were readily detectable.
Fig. 1. The usual microstructure®f- 3-forged specimens con- It seemed that beta flecks in fBxéorged condition were much
sisted of equiaxed particles in an age@matrix (Fig. 2a), while smaller than the + B-forged ones. There were no significant beta
B flecks contained few or no equiaxed phases, indicating theflecks with cross-sectional area above 0.1%mnnthe 3-forged
condition, while the maximum beta fleck in the: 3-forged con-
dition was 0.56 mrh

3.1 Microstructure

3.2 LCF Tests

The mechanical properties were given in Table 2. It could be
seen that the yield strength and the ultimate tensile strength of
the highly flecked specimens were higher than those were with-
out beta flecks. The elongation, especially the reduction in area,
was significantly reduced in material with beta flecks. In general,
the larger the beta flecks, the higher the tensile strength and the
lower the ductility.

The results of LCF tests were given in Table 3. It can be seen
that beta flecks had great influence on LCF properties in spite of
the data being scattered. Compared to the specimens without beta
flecks, the condition with profuse beta flecks showed an inferior
LCF life. The average life of the + 3-forged specimens with
beta flecks was 4.8 1(°. There were no significantly flecked
specimens with life more than &2.(P. The two unflecked spec-
imens, however, showed a greater LCF life of aboytri@king

L iTm an order of magnitude improvement.

- The examination of the fracture surfaces revealed that many
cracks are present at the fornflgrain boundaries or subgrain
boundaries in beta flecks, as shown in Fig. 3. In the highly flecked
specimens, such as B15 and C12, multiple cracking that was
associated with beta flecks could be observed in the fracture sur-
faces. It suggested that cracks tended to nucleate at grain bound-
aries and then grew along them. Extensive scanning electron
microscopy (SEM) observation showed that beta flecks had a
strong influence on nucleation and growth of LCF cracks. It could
be seen in Fig. 4b that the fatigue crack of specimen 12 nucle-
ated at one side of the fracture surface and propagated toward the
other side. Chemical composition measurement at the crack ini-
tiation site showed a higher Fe content (2.92 wt.%) and a lower
Al content (2.11 wt.%) than the aged beta matrix. It suggested
that this origin was beta fleck. In fact, by making a comparison
between an SEM fractograph (Fig. 4b) and the macrograph of
the matching half (Fig. 4a), we could find that the crack initia-
tion site had a corresponding beta fleck. In the crack propagation
zones, much fatigue striation (Fig. 4c) and secondary cracking
(Fig. 4d) perpendicular to the propagation direction of the main
cracks could be found. It is a typical characteristic of fatigue
fracture. However, some brittle zones characterized by inter-
granular fracture could also be found in the highly flecked speci-
Fig. 1 Macrographic characteristics of beta flecks of Ti-10V-2Fe Mens, as shown in Fig. 4e. Similarly, we did show that these brittle
3Al alloy: (a) macrostructure off + S-forged specimen B15j;=2.8 - fracture zones contained higher mass fractions of Fe and lower
10°; and(b) macrostructure g8-forged specimen C1N;=2.6 - 18 Al content; hence, the brittle zones are beta flecks.
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Fig. 2 Typical microstructure of specimens with or without beta fle(stypical microstructure ofr + -forged specimens without beta flecks;
(b) typical microstructure gB-forged specimens without beta flec{;typical microstructure of beta flecksant+ B-forged specimens; arfd) typical
microstructure of beta flecks Biforged specimens

Table 2 The influence of beta flecks on tensile properties of Ti-10V-2Fe-3Al

Ultimate tensile 0.2% yield Maximum B-fleck
strength strength Elongation Reduction in Area areaSnax

Number (MPa) (MPa) (%) (%) (mm? Pa(%)(a)
B1 1335 1298 5.6 11.6 0.52=1.2D.43 13.56
B2 1336 1320 9.6 43.2 None None
B3 1330 1298 8.0 20.8 0.20 =0.¥D.28 3.72
B4 1360 1310 10.4 42.0 None None
B5 1370 1350 8.8 29.0 0.04 =0.83®M.12 0.20
B6 1310 1300 5.6 19.6 0.18 = 0.4®.40 4.25
B7 1302 1290 6.8 39.5 None None
B8 1280 1272 8.0 20.8 0.16 = 0.40.38 3.20

(a) Note: ratio of the areas of beta flecks to those of the fractured surfaces

224—\/olume 9(2) April 2000 Journal of Materials Engineering and Performance



Table 3 The influence of beta flecks on LCF properties of Ti-10V-2Fe-3Al

Maximum beta-fleck

Volume fraction

Cyclic stress LCF life area,Syax of beta flecks
Number Forging condition (MPa) N; (109 (mm2) (%)
B11 ) 900 22 0.34=0.7%0.48 4.02
B12 ) 900 42 0.13=1.0%0.10 1.33
B13 *) 900 53 0.14=0.3%¥0.45 1.67
B14 +) 900 >1000 None None
B15 ") 800 28 0.56 = 1.440.39 11.52
B16 ) 800 87 0.17=0.78 0.22 1.45
B17 *) 800 1325 None None
B18 ) 800 40 0.16 =0.530.11 1.76
C11 900 26 0.10=0.470.21 1.82
C12 900 27 0.19 =0.680.28 1.55
C13 900 48 0.07 =0.350.20 0.87
C14 900 >3104 None None
C15 800 >258 None None
C16 800 >943 None None
C17 800 187 None None
C18 800 156 None None
1 4. Discussion
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Fig. 3 Typical microstructure aff + 3-forged ang3-forged specimens

Zhouet al. have concluded that the occurrence and severity
of beta flecks could be reduced using beta forging based on ex-
tensive macrographic examinations; they attributed this im-
provement to a higher diffusion coefficient of Fe element in the
Bregion® A theoretical equation of the diffusion process of Fe
was established based on Fick’s second law under the boundary
condition oft = 0,x=h, C=C,.l11

X_CD%” 2ot

whereC, is Fe concentration at poirt G, is average Fe con-
centration of the usual aged matiixs half of the initial fleck
thicknessx is the distance from the center of the fleck zone,
D is the interdiffusion coefficient, ands time.

The diffusion constant of Fe B Ti at 820°C isD, = 9.2x
102 cn? s, Q = 165.KJ moltit The validity of Eq 1 can be
confirmed as follows. Consider, for exampBforged speci-
mens with a fleck thickness of 0.2 mm and an Fe concentration
of 3.00 wt.%, heated at 82C for 1 h. The calculated value of
C, at central point is 2.99 wt.%. No obvious improvement of Fe
segregation was observed as expected. It can be reasonably con-
cluded thap3 forging in the 820C Sregion had no obvious im-
proved effect on homogeneity of the segregating element Fe. The
B-forged condition could mask the large size effect of beta flecks,
resulting in much smaller beta flecks thmm 3-forged ones; it
was recognized that just the chemistry difference of the fleck re-
gion might cause a significant mechanical property difference.
This was in good agreement with Shamblen’s conclugidns.

The purpose of this investigation was to find out whether beta
flecks have a detrimental effect on LCF properties. The study has
revealed that the highly flecked specimens showed a reduction
in tensile ductility and LCF life. The larger the beta flecks, the
lower the ductility and LCF life. It was noted that the relatively
low LCF life was attributed to beta flecks.

It is well known that fatigue crack nucleation occurs at mi-
croscopic sites of high local plastic strain concentratfbRor

h+xD
2\/ DtH

(Eq 1)

showing cracks nucleated at and propagated along beta grain boundinstance, slip bands, twin boundaries, grain boundaries, and in-

aries(a) a + B-forged specimens; ardd) 3-forged specimens
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clusions are common sites of crack nucleation in various pure
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metal and alloy8#'%in Ti-10-2-3 cracks nucleated at the former and accordingly, deformation preferentially occurs at the grain
grain boundaries or subgrain boundaries of beta flecks (Fig. 3)boundary (GB)x during plastic deformation. The presence of
These must therefore be the sites of local plastic strain concenGB a film leads to long soft zones, which results in large plastic
trations. Extensive studies have revealed that the stress or straistrain distributed over a relatively small zone and high stress
localization attributable to the low LCF is determined by the dif- concentration and high local strains at @Bl'herefore, cracks
ference in yield stress and the strain hardening between theseend to find grain boundaries to be the nucleation sites and the path
constituent$®11 The larger this difference becomes, the lower of least resistance, leading to intergranular cracking (Fig. 4e).
is the macroscopic strain at which crack nucleation occurs. It isThis result is in good agreement with Terlinde’s study on Ti-10V-
well known that the aged matrix is much stronger than grain 2Fe-3Al alloy*%171According to Funkenbusch'’s conclusion, the
boundary due to increasing age hardening by secondargse, reduction of LCF life is most susceptible to beta flecks, which may
be attributed two factors. First, the strain concentrated at grain
boundaries is generally proportional to grain size @fidcks

are regions of very large size. Second, grain boundaries are gen-
erally more susceptible to crack initiation at high cyclic strains.
Therefore, cracks nucleate at grain boundaries and then propa-
gate along grain boundaries, leading to premature sample fail-
urel®l Controlling factors for crack nucleation include the length
and thickness of the soft G4 as well as the yield stress differ-
ence between the aged matrix and the soft 26heélt can be

(d)

.. .
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Fig. 4 Macroscopic and SEM micrograph of specimen apmacroscopic photograpth) macroscopic SEM photograpft) SEM micrograph
showing fatigue striation in crack propagation zo@sSEM micrograph showing secondary cracks in crack propagation zonde) &/l micro-
graph showing intergranular fracture in brittle fracture band
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concluded that reducing the size of beta flecks by improving theAviation Industry, People’s Republic of China, and had gained
melting technology or hot working technology will increase duc- the Science and Technology Advancement Awards of the Na-
tility and LCF life tional Educational Committee.
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