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FATIGUE CRACK PROPAGATION RESISTANCE OF BETA-ANNEALED
Ti-6Al-4V ALLOYS OF DIFFERING INTERSTITIAL OXYGEN CONTENTS

INTRODUCTION

Though it is well known that interstitial oxygen can markedly affect the fracture
toughness and uniaxial tensile properties of titanium alloys, the influence of oxygen content
on fatigue crack propagation resistance in these alloys is poorly understood. Moreover, the
limited data available on this subject appear to be in disagreement [1-3]. Reference 1, for
instance, reported a reduction in fatigue crack growth rates with increased oxygen content
in commercially pure ga-titanium alloys. On the other hand, subsequent work with
a-titanium alloys, as reported in Ref. 2, indicated the opposite result: an increase in growth
rates with increased oxygen content. In harmony with this latter finding, Ref. 3 reported
that recrystallization annealed Ti-6Al-4V exhibited increased growth rates with increased
oxygen content,

However, no results have been reported to date for the beta-annealed, Widmanstitten
microstructure, which has been related to superior fatigue crack propagation resistance in
Ti-6 Al-4V of commercial purity [3-5]. Accordingly, the purpose of our work is to
examine fatigue crack propagation behavior in four beta-annealed Ti-6Al-4V plates with
respective oxygen contents of 0.06, 0.11, 0.18, and 0.20 weight percent. For the alloy with
0.20 wt-% oxygen, we reported [5] that fatigue crack growth rates for the a/f-rolled, mill-
annealed condition can be reduced by as much as an order of magnitude with a beta anneal,
owing primarily to a transition to structure-sensitive crack growth in the Widmanstatten
microstructure. We found that the transition corresponds to the point at which the reversed
plastic zone attains the average Widmanstdtten packet size, with the reduction in growth
rates below the transition attributable to crystallographic bifurcation in the Widmanstitten
packets,

MATERIALS AND PROCEDURES

The alloys studied were received in the form of rolled plate, with chemical analyses as
glven in Table 1. Each alloy was subjected to the following beta anneal [3]: 0.5 hr at
1038°C, cooled to room temperature plus 2 hr at 732° C, cooled to room temperature, This
heat treatment was performed in a vacuum furnace, with cooling accomplished in a helium
atmosphere at a rate which approximates that in air.

Metallographic samples of each of the resultant Widmanstitten microstructures were
polished and etched with Kroll’s reagent. From these, some 190 linear intercept measure-
ments of prior beta grain size ( I3) were made for each alloy, 475 for the Widmanstitten
packet size (Iiyp) and 600 for the alpha grain size (1;); a minimum of four photomicrographs
was used in each case. Cumulative frequency distributions for lg and lyp are exhibited in
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YODER, COOLEY, AND CRCOXKER

Table 1 — Chemical Analyses

Content {wt-%)
Alloy

o al v Fe N ¢ | H Al*
1 | 006 | 60 | 41 | 005 ] 0.008 | 0.023 | 00050 7.0
2 2.11 6.1 4.0 .18 0.009 0.02 0.0064 1.8
3 Q.18 8.6 4.4 0.20 0.014 0.02 0.0058 8.9 .
4 .20 6.7 4.3 0.10 0.611 0.63 00060 9.2

L
Note: Al* is the aluminum equivalent {6,71: Al¥ = A} +S—§ + __Zé; +10{0 + C+ 2N).

F‘m‘ 1, together with mean xmhmt: (o TIowY for each allov. Ficure Za illustrates the contrast

YomTwssTE Wyav=s 2220 8Red VS LTR L5y 'Wf’ RS J ) Ll Y Ligy

in .!5 for alloys 3 and 4, and Fig. Zb illustrates the contrast in {yp for alloys I and 3.
Widmanstiitien packet sizes range from 17 gm for alloy 1 to 38 um for alioy 3. Figure 1
shows that one pair of these alloys (alloys 2 and 3) exhibits values of ], g which are sub-
stantially larger than for the other pair (alloys 1 and 4).

Fatigue crack growth rates {de/dN) were determined in ambient air from compact
tension specimens of 25.4-mm thickness, TL crack orientation [81, half-height to width
ratio of h/W = 0.486, and crack length in the range 0.26 < /W << 0,62, The stress-intensity

(K} calibration for ﬂ‘m specimen is given in Ref, 9. For each of the four alloys, at least two

LaltIALQLAVHIE I w20 ST S Tii ia2 WO LELER O AN O LI SRR A 5 AT

specimens were subje{:%ed {o eyclic tension-todension loading with a haversine Wavefarm &
frequency of 5 Hz, and a load ratio R = P (P, ... = 0.1, The amplitude of loading, though
held constant throughout the growth rate test of a given specimen, was different for dupli-
cate specimens, so that data could be generated over different, yet overlapping spectra of
stress-intensity range {AK). Crack lengths were measured oplically on both faces at 15 X
with Gaertner traveling microscopes.

Tests for fracture toughness (K; } were also made from these compact tension speei-
meons, it accord with ASTM Moathod E2399.74, Tensiie nrnhenlgg woere daetermined forthe T

2RI, Al U WD S d I¥ITLLiUG CiiniiT

and I orientations from standard 12.8-mm-diameter specimens of 50.8-mm gage length.
These mechanical properties are given in Table 2.

RESULTS AND ANALYSIS

Fatigue Crack Propagation: Transitional Behavior

Cvclic crack srowth rates for aﬂan 1 through 4 are plotied Ip anthr‘n;ga_‘l as a funec.

tion of stress-mtensﬁy range in Figs. 3a through 3d respectively. T‘he crack growth behav-
ior of each of the four ailoys is distinguished hy a clearly defined transition point {indicated
by ““I'” in each figure). At these points the slope or exponent in the growth rate power law

[10}
da/dN = C{AKY™ (1)

o




CUMULATIVE FREQUENCY {%)

CUMULATIVE FREQUENCY {%)}

NRL REPORT 8166

100

o
(=]

-]
Q

o
Qo

MEAN _ 2-GRAIN
ALLOY SIZE, &y (pm)
& | {006% O) 214
v 2(00% 0) )
* 3{0I8% O} 844
20 ° 4({020%0) 2n
Y7 R . . : . L
o} 500 0G0 15030 2000 2500
PRIOR BETA GRAIN SIZE, J.G {um}
(a) Prior beta grain size
100 G

o
[a]

=]
o

40
MEAN PACKET
ALLOY SIZE, dyp (pm)
+ T{006% 0) 7
v 2{0l% Q) 28
20 « 3(08% 0 38
g o 4 (020% O) 24
9 . . , , .
0 50 100 50 200 250

WIDMANSTATTEN PACKET SIZE, /,, (um)

(b) Widmanstatten packet size

Fig. 1 — Cumulative frequency distributions (The slash
mark on each curve indicates the mean value.)




YODER, COOLEY, AND CROOKER

Fig. 2a — Phofomicrographs to iliustrate contrast in prior beta grain size
in alloy 3 (left) and alloy 4 (right)

Fig. 2b — Photomicrographs o iflustrate contrast in Widmanstidtten
packet size in alloy 3 (Jeft} and alloy 1 (right)

4




.~

NRL REPORT 8166

Table 2 — Mechanical Properties

Allo 0.2% Yield Tensile Young's . Fracture
‘f, = Orien Strength Strength Modulus R;d:i’:“ Elongation* Toulghness
- tation o Tuts E % - Ie
No. | Oxygen (M;a) (Mupﬂ) {GPw) (%) . (MPR']‘I‘I”Q)
1 0.06 TL, T 740 818 116 34 10 R
LT, L 772 829 115 26 0 . -
2 0.11 TL, T 772 869 118 19 10 aat
LT, L 797 867 117 17 8 -
3 0.18 TL, T 818 906 120 13 8 oot
LT. L 841 931 11 12 8 -
4 0.20 TL, T 869 958 117 i% i1 a7
LT, L 892 960 119 23 16 -

*50.8-mm gage length
TInvalid according to ASTM E399-74

changes by approx1mately a factor of 2. Transitional values of stress-intensity range (AK T)
vary from 18 MPa*m1/2 for alloy 1 to 27 MPa*m 12 for alloy 3, as noted in Table 3.

Correlation Between Reversed Plastic Zone and Microstructural Dimensions—The
transitional behavior of alloy 4 that we reported elsewhere [5] was attributed to a change
from microstructurally sensitive crack growth below the transition to microstructurally
insensitive crack growth above the transition; moreover, it was found that the transition
corresponded to the point at which the reversed plastic zone size [11-13] .

< = 0.132 (gf) (2)
y :

attained the average Widmanstidtten packet size. The data in Table 3 indicate that this is
true also for alloys 1 through 3. In this table, microstructural dimensions are compared to
the reversed plastic zone size at the transition point ([r 17), the latter being calculated
through Eq. (2), with ay and AK7 taken from Tables 2 and 3 respectively. For each of the
four alloys, the computed value of [r 1 agrees well with the respective Widmanstdtten
packet size; values of 7 g are approxunately an order of magnitude larger than [r 17, and
values of I, are approximately an order of magnitude smaller.

Structure-Sensitive, Crystallographic Bifurcation (AK < AKp)—The similarity in
behavior of the four alloys is further illustrated by crack-path sectioning normal to the
fracture surface. Below their respective transition points, alloys 1 through 3 exhibit crystal-
lographic bifurcation in the Widmanstitten packets similar to that we noted previously in
alloy 4 {5]. Thus within packets that border the Mode I crack plane, multiple paralle}
cracks appear with a distinct relation to the orientation of a-phase platelets, as illustrated in
Fig. 4. The reduction in growth rates exhibited below the transition points for all four
alloys is therefore attributable to this bifurcation, which serves to reduce the effective AK
(and thus da/dN) by dispersing the strain field energy of the macroscopic crack among
multiple crack tips.
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Fig. 3b — Fatigue crack growth rates for alloy 2
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Fig. 3d — Fatigue erack growth rates for alloy 4
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Table 3 — Comparison of Transitional Reversed Plastic Zone Size
to Microstructural Dimensions

Alloy Transitional T;a;}ztzﬁal Microstructural Dimensions
Stress-Intensity Plastic Zone (um)
Wt'% RangE, AKT SiZE {fc i = - -

No. | Oxygen (MPa-m1/2} (;Imgf T o Ywp Xg
1 (0.08) ig8 18 2 17 214
2 {0.11) 20 23 3 28 618
3 {0.18) 27 35 2 38 844
4 | (0.20) 23 23 3 24 211

Comparison of Alloy Crack Propagation Rates
({AK < AKq): A 5-Fold Difference

The trend lines drawn through the data points in Fig. 3 are redrawn in Fig. 5 to
facilitate comparison of growth rates for the four alloys,

Widmanstitien Packet Size: Key to Reduced Growth Rates—Figure & shows that sub-
transitional crack growth rates order on the basis of Widmanstdtten packet size, such that
da/dN decreases with increasing Iyp. For example, at AK ~ 16 MPa-m'/2, da/dN is about 5
times less for alloy 3 (I yp = 38 um) than for alloy 1 (fyp = 17 um). Such bebavior may be
explained on the premise that, with increasing hyp, the strain-field energy of the macroscopic
crack can be spread over increased volumes of material in the crack tip region, thereby
further reducing the effective AK (and thus de/dN). This presumes that the bifurcation can
extend to the boundaries of Widmanstdtien packets that border the Mode I plane {or pos-
sibly to some lesser dimension related to the maximum plastic zone size).

Effects of Gxygen Content and Prior Beta Grain Size—Further analysis of subtransi-
tienal crack growth rates in Fig. b leads to the tentative conclusion that interstitial oxygen
content, as well as prior beta grain size, significantly affects fatigue crack propagation rates
by countrolling the subsequent Widmanstidtten packet size which develops upon cooting from
the beta phase field. Clearly da/dN does not order on the basis of interstitial oxygen con-
tent alene {when all four alloys are considered), but if the alloys ave paired on the basis of
similar prior beta grain size—alloys 1 and 4 { [o = 214 ym and 211 um respectively) vs alloys
2 and 3 {f3 = 618 um and 844 um respectively)—then the pair with the greater Iy exhibits
the lower grawth rates. Yet within each pair the alloy with greater oxygen content exhibits
the lower growth rates. Each of these effects is plausible when considered in terms of the
transformation kineties of the § > g transformation: An increase in fﬁ could be expeeted {o
reduce the a-phase nucleation rate and thereby serve to increase Iyp, if it is assumed that
nucleation accurs primarily at the grain boundaries [14]. Moreover, increased oxygen con-
tent could be expected to reduce the a-phase nucleation rate and to enhance the growth rate

10
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the beta anneal has served to equilibrate any preferred orientation of basal planes (which
may have existed prior to the anneal) relative to the T and L directions [19-21]. Conse-
quently the fatlgue crack propagation behavior observed for the TL crack onentatlon in
alloys 1 through 4 would also be ant1c1pated for the LT orientation.

CONCLUSIONS

® In the conventional logarithmic plot of fatigue crack growth rate {da/dN) vs stress-
intensity range (AK), each of the four alloys exhibited a significant change in slope at AK T
a transition point at which the reversed plastlc zone appears to attam the average
Widmanstdtten packet size, Typ. :

® For AK < AK, a crystallographic bifurcation of the Widmanstatten packets occurs,
which is responsible for the markedly lower growth rates below AK .

® Comparison of alloys indicates that the larger the average Widmanstdtten packet
size, the lower the fatigue crack growth rates; a 5-fold difference in daldN is observed
between the most and least resistant, of the four alloys.

® The influence of interstitial oxygen (or a-phase stabilizer content), as well as prior
beta grain size (7, g), on fatigue crack propagation resistance appears to be indirect but im-
portant, namely to control the size of the average Widmanstitten packet which forms upon
cooling from above the beta transus.

ACKNOWLEDGMENTS

We gratefully acknowledge the experimental assistance of G. W. Jackson, M, L.
Cigledy, C. R. Forsht and T. R. Harrison.

REFERENCES

1. J. L. Robinson and C. J. Beevers, Met. Sci. 7, 153-159 (1973).
A. W. Thompson, J. D. Frandsen, and J. C. Williams, Met. Sci. 9, 46-48 (1975).

M. J. Harrigan, M. P. Kaplan, and A, W. Sommer, pp. 225-254 in Fracture Prevention
and Control, D.W. Hoeppner editor, Mater. /Metalwork Tech. Ser., No. 3, American
Society for Metals, Metals Park, Ohio, 1974.

4. N.E. Paton, J. C. Williams, J. C. Chesnutt, and A. W. Thompson, pp.
AGARD Con_ference Proceedings 185, 1976 (available from National
mation Service, Springfield, Virginia).

@ 1o

5. G. R. Yoder, L. A. Cooley, and T. W. Crooker, “Observations on Microstructurally
Sensitive Fatigue Crack Growth in a Widmanstitten Ti- -6 A4V Alloy,” Met, Trans. A

(in press).

6. H.W. Rosenberg, pp. 851-859 in The Science, Technology and Application of
Titanium, R.1. Jaffee and N, E. Promisel, edltors Pergamon Press, Oxford 1970,

13

e



1G.
11.

12,

i3.
14.

i5.
16.
17.

18.

19,
20.

21,

-

YODER, CQOLEY, AND CROOKER

R. 1. Jaffee, pp. 1665-1693 in Titanium Science and Technology, Vol, 3, R, L Jaffee
and H. M. Burte, editors, Plenum Press, New York, 1973.

R. J. Goode, Mater. Res. Stand. 12, (No. 9) 31-32 (1872).
W. G. Clark, Jr., and S. J. Hudak, Jr.. J. Test. Eval. 3, 454-476 {1975).
P. C. Paris and F. Erdogan, Trans. ASME, J. Basic Eng., Series D, 85, 528-533 (1963).

P. C. Paris, pp. 107-127 in Fatigue-An Interdisciplinary Approach, d. 4. Burke, N. L.
Reed, and V. Weiss, editors, Syracuse University Press, 1964,

d. R. Rice, pp. 247-309 in Fatigue Crack Propagation, ASTM STP 415, American
Society for Testing and Materials, Philadelphia, 1967.

G. T. Hahn, R. G. Hoagland, and A, R. Rosenfield, Met. Trans. 3, 1189-1202 {1972}.

R. L Jaffee, pp. 65-163 in Progress in Metal Physics, Vol, 7, B. Chalmers and R. King,
editors, Pergamon Press, New York, 1958.

M. K. McQuillan, Met. Rev. 8, 41-104 (1963).
D. J. DeLazaro and W. Rostoker, Acta Met. I, 674-878 {1953}.

L. S. Polkin and ©. V. Kasparova, pp. 1521-1534 in Titanium Science and Technology,
Vol. 8, R. 1. Jaffee and H. M. Burte, editors, Plenum Press, New York, 1973.

J. C. Chesnutt, C. G. Rhodes, and J. C. Williams, pp. 99-138 in Fractography—
Microscopic Cracking Processes, C. D. Beachem and W, R. Warke, editors, ASTM STP
600, American Society for Testing and Materials, Philadelphia, 1976.

A, W. Bowen, Mater. Sci. Eng. 29, 19-28 (1977).

M. J. Harrigan, A. W. Sommer, P. G. Reimers, and G. A. Alers, pp, 1297-1320 in
Titanium Science and Technology, Vol, 2, R, 1. Jaffee and 1. M. Burte, editors, TMS-
AIME, Plenum Press, New York, 1973.

F. Larson and A, Zarkades, Report MCIC-74-20, Metals and Ceramics Information
Center, Battelie-Columbus Laboratories, Colurnbus, Ohilo, June 1974,

[y
H



