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strain criteria, makes quantitative comparison of degradations uncertain. However, the 
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ABSTRACT 

This survey reveals that degradation in load-carrying capacity 
owing to sustained-load cracking (SLC) is widespread and serious in 
alloys of the TÍ-6A1-4V family. Each of eight different 1-in. (2.5-cm) 
thick plates tested in air at room temperature exhibited the effect, 
with degradations ranging up to 35%. The amount of degradation 
does not seem to correlate with differences in hydrogen content, 
processing variables, or strength and toughness levels; however, the 
susceptibility to SLC is orientation dependent. Invalidity of several 
of the rising-load fracture toughness values, with respect to plane- 
strain criteria, makes quantitative comparison of degradations uncer¬ 
tain. However, the threshold stress-intensity factor below which SLC 
failures will not occur, Ku, clearly represents a more conservative 
fracture-safe design parameter than the plane-strain fracture toughness 
Kic, which cannot account for insidious time-delayed failures owing 
to SLC. 

PROBLEM STATUS 

This report completes one phase of the problem; work on other 
aspects of the problem is continuing. 

AUTHORIZATION 

NRL Problems MOI 25 and M01-28 
Projects RR 022-01-46-5432 and WR 022-01-01 

Manuscript submitted April 18,1973. 



NOMENCLATURE 

A lumped material constant 

a crack depth 

B plate thickness 

C constant (4.12 for cantilever loading, 3.80 for three-point bending) 

c concentration of hydrogen at the crack tip 

c0 concentration of hydrogen in the bulk 

2c length (major axis of surface crack) 

D specimen height; diffusivity 

D0 diffusion constant 

K time derivative of stress-intensity factor 

k Boltzmann’s constant 

Kic plane-strain fracture toughness 

Ku stress-intensity factor, based on initial crack length 

Kj, stress-intensity factor, fracture resistance from rising-load test 

Kjt threshold stress-intensity factor below which SLC failures will not occur 

Kq stress-intensity factor, defined by ASTM-E399 5% secant offset method, from load 
displacement record 

L constant with dimension of length 

M applied bending moment 

P time derivative of load 

Pmax maximum load 

Pq load defined by ASTM-E399 5% secant offset method, from load displacement 
record 

iii 
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PTC part-through surface-cracked tension specimen 

ppm parts per million by weight 

Q flaw shape factor 

r radial polar coordinate 

S short transverse direction (thickness) 

SEN single-edge-notch bend specimen 

SLC sustained-load cracking 

T absolute temperature; long transverse direction 

tf time to failure 

Ç drift velocity 

V interaction energy between diffusing hydrogen and the crack-tip stress field 

a 1 - a/D 

A SLC degradation in load-carrying capacity, in percent 

0 angular polar coordinate 

o gross section stress 

oyi 0.2% offset yield strength 

r incubation time 

V gradient 
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SUSTAINED-LOAD CRACKING OF TITANIUM: 
A SURVEY OF 6A1-4V ALLOYS 

INTRODUCTION 

While titanium alloys may be attractive for naval structural applications on the basis 
of high strength-to-density ratio, among other features, many exhibit potentially catas¬ 
trophic crack (or flaw) extension while under static loads. Although such crack growth is 
usually attributable to stress-corrosion cracking, where aggressive environments are in¬ 
volved, it has also been reported for inert environments. In the latter case, crack growth 
has been referred to as sustained-load cracking (SLC), ana has in several cases been attrib¬ 
uted to the presence of interstitial hydrogen. The present effort to investigate SLC was 
motivated by the implications of this form of cracking with respect to structural life and 
proof testing. Results from the initial phase of this work, concerned primarily with de¬ 
termination of the SLC effect, are contained herein together with preliminary ramifica¬ 
tions as to mechanism. Alloys examined, nominally from the 6A1-4V system, Include 
both commercially and specially processed plates of widely divergent processing histories 
and interstitial contents. 

The SLC phenomenon can be described with fracture mechanics parameters in the 
same manner that crack extension under stat'c loading in an aggressive environment has 
been characterized for stress-corrosion cracking (1-3). Thus, if a material susceptible to 
SLC is loaded to initial stress-intensity Ky levels above a threshold level Kit, it will fail 
after a delay time tf which decreases with increasing Kj¡. Delay times associated with this 
form of subcritical crack growth sometimes amount to several hours, and the threshold 
levels are as much as 35% less than the fracture resistance implied from standardized 
fracture toughness tests of only a few minutes’ duration. 

Awareness of SLC in titanium alloys dates back to the mid-1950’s, when Burte et al. (4) 
demonstrated the time-delayed failure phenomenon with room-temperature stress-rupture 
tests of notched specimens in ambient air. The results of their work strongly implied that 
SLC behavior is due to hydrogen-assisted cracking, inasmuch as the phenomenon disappeared 
when the hydrogen content was reduced below a critical level known as the hydrogen toler¬ 
ance. Later experiments by Sandoz (5) and Meyn (6), performed with fatigue-precracked 
specimens, suggested that the tolerance levels in titanium alloys based on the notched speci¬ 
mens were grossly overestimated, owing to the notch acuity effect demonstrated by Troiano 
(7), who found that the sharper the notch of the test specimen, the lower the apparent hy¬ 
drogen content required for SLC of steels. Other reports of SLC in titanium alloys in 
ambient air have been made by Chu (8); Lane, Cavallaro, and Morton (9); and others (10). 

PROCEDURE 

Two specimen types were employed, the part-through surface cracked (PTC) tension 
specimen and the single-edge-notch (SEN) bend specimen, illustrated in Fig. 1. The latter 

1 
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type was used for the rising-load three-point bend test. For the SEN bend specimens, the 
Kj; were computed from 

(1) 

where 

C = 4.12 for cantilever loading (11) and 3.80 for rising-load bend tests (12) 

M = applied bending moment 

B * specimen thickness 

D = specimen height 

a = 1 - a/D (a = initial crack length). 

For the PTC tension specimens (13), 

(2) 

where 

o = gross section stress 

Q = flaw shape factor. 

While all specimens were cut from 1-in. (2.5-cm) thick plate, different crack orientations 
were used for the two specimen types, viz. TS and TL (14) for the PTC and SEN speci¬ 
mens, respectively. 

The SEN specimens were sidegrooved to a depth of 0.05B per side; thus while B 
(gross) = 0.93 in. (2.36 cm), B (net) s 0.84 in. (2.13 cm) was used for calculations with 
Eq. (1). Other SEN specimen dimensions were D = 1.50 in. (3.81 cm), a « 0.750 in. 
(1.91 cm), with specimen length = 8 in. (20.3 cm). For three-point bend tests, a span of 
6 in. (15.24 cm) between rollers was used, while a loading rate of P % 8.6 kips/min 
(38.2 kN/min) [K * 90 ksh/m./min (100 MPa-m1/2)] was employed. The SEN specimens 
were fatigue precracked and equipped with displacement gages spanning the crack notches, 
in accord with the ASTM specifications (15). Step loading was not employed in any of 
the dead-weight cantilever tests for reasons described by Chu (8); rather, the full load was 
applied in a single application. Furthermore, a few specimens which displayed crack 
arrest were retested only after refatiguing the blunted crack tip to a point safely beyond 
the bounds of the plastic zone. 
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The PTC specimens were 24 in. (60.96 cm) long, 1 in. (2.64 cm) thick, and either 
4.0 in. (10.16 cm) wide for rising-load tests or 4.5 in. (11.43 cm) for sustained-load 
tensile tests. Unless otherwise indicated, these specimens were loaded at the rate P = 500 
kips/s to either an appropriate level of sustained load or to failure in a rising-load test. 
These specimens were initially notched by electrical discharge machining, and then fatigue 
precracked to give “thumbnail” crack dimensions of approximately a/2c = 0.315 in. 
(0.800 cm)/1.181 in. (3.000 cm), where a is the crack length in the T direction of the 
plate and 2c is the major axis of the crack in the S direction. Fatigue precracking was 
accomplished by cycling the specimen between 0 and 225 kips (1000 kN) tension. 

RESULTS 

All plates tested exhibited SLC degradation in load-carrying capacity, more than 30% 
in some cases. In all instances, the greater portion of the apparent degradation occurred 
within a few hours of testing under sustained-load conditions. Results are summarized in 
Figs. 2-9 and Table 1. The table shows that materials examined ranged in (a) hydrogen 
contente from 35 to 80 parte per million by weight (ppm), (b) oxygen contents from 500 
to 1600 ppm. (c) yield strengths (oyi) from 115 ksi (802 MPa) to 144 ksi (1005 MPa), (d) 
rolling temperatures from 1400°F (1033°K) to 1900°F (1311°K), and (e) forging tem¬ 
perature ranges from a + ß to ß. Each SLC curve in Figs. 2-9 is comprised of data points 
from both rising-load and sustained-load teste, the former of which are denoted by solid 
points, the latter with hollow points. From each curve the percentage of SLC degradation 

is measured as 

(3) 

where Kj, is the value of Ku from the rising-load test. 

These degradations have been recorded in Table 1 together with other pertinent 
parameters which relate to the level of constraint represented by these teste. It is noted 
in the table that there are two possible values of Kt to choose from, viz. Kq and Kimax- 
The former is determined by the standard ASTM method from load-crack opening dis¬ 
placement traces (15), whereas the latter is calculated by using the maximum load value 
pmax from the same trace. As shown in the table, however, in most cases Kq fails to 
meet the criteria for valid K|c numbers (14), viz.. 

^ ¿ l io 
PQ " 

(4) 

(5) 

and is therefore a dubious parameter. Moreover, such an invalid Kq number is not con¬ 
sistent with data from the sustained-load, cantilever bend teste. For example, in the case 
of alloy D4, Kq * 68 ksh/ST. (75.6 MPa-m1/2), while Kjt * 70 ksK/uT. (77.9 MPa-m1/2), 
and breaks appear at Kq = 73 and 77 ksK/lii. (81.2 and 85.7 MPa-mi/2) in the sustained- 
load cantilever bend results, as displayed in Fig. 7. On the other hand, Kimax = 80 
ksiVm. (90.0 MPa-ml/2) is consistent with the cantilever bend data. To further 
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tf(>) 

Fig. 5—Sustained-load cracking in NRL alloy D3 in ambient, room-temperature air; 
SEN bend specimens. Solid points represent rising-load tests; 

hollow points denote sustained-load tests. 

corroborate an association between from the rising-load three-point bend test and 
the cantilever bend data, a special test was devised using alloy R23A, wherein a rising¬ 
load cantilever bend test was performed by employing an Instron machine to drive down- 

íh.e^d °f the bar- As illustrated in Fig. 2, this test indicated that Kin,« 
78 ksh/in. (86.8 MPa-ml/2), a value which compares favorably with numbers from the 

rising-load three-point bend tests, viz. KIinax = 79, 80, 85 ksK/m. (87.9, 89.0, 95.6 
MPa-ml/2). Therefore, Kt = Kin,« is chosen for the computation of Ku/Ki, in Eq. (3) 
as well as for the value of Ki¡ displayed in Figs. 2-9 for rising-load test results. 

Whereas every material tested exhibited degradation in load-carrying capacity owing 
to SLC, with A ranging from about 11 to 35%, for a given crack orientation A does not 
seem to correlate with other variables listed in Table 1, including hydrogen content. 

A consideration of Figs. 2-4 (or Table 1) for comparison of results from plates tested 
in both the SEN and PTC specimen configurations, viz. alloys C5, R23A, and D5, shows 
that there are large discrepancies in the data for each material between threshold Kh 
values obtained from the two specimen types; similarly for the Kim« values. For 
example, in the case of alloy C5, Kit = 66 and 46 ks^/m. (73.4 and 51.2 MPa-ml/2), 
while Kin,« ~ 95 and 58 ksiv/uT. (105.7 and 64.5 MPa-ml/2) for the PTC and SEN 
specimens, respectively; the consequent discrepancy in A is 31 vs 21%. These differences 
are probably attributable to anisotropy, since different crack orientations were used for 
the two specimen types. However, they may also in part be due to the invalid nature of 
the fracture toughness numbers, although for alloy D5, Kit values from both the PTC 
and SEN specimens satisfy the ASTM thickness requirement. The macrofractograph in 



I 

NRL REPORT 7596 

i 

(i/iu,°dW) ^ 



S
T

R
E

S
S

-W
T

E
N

S
IT

Y
 

F
A

C
T

O
R

, 
K

X
l 

(k
»

i-
/r

v
) 

S
T

R
E

S
S

-I
N

T
E

N
S

IT
Y
 

F
A

C
T

O
R

, 
K

_ 
(k

il
-V

lñ
) 

10 G.R. YOD™, C.A. GRIFFIS, AND T.W. CROOKER 

tf(s) 

10 I0‘ I0J 10" 10s 

110 

100 

<NJ 

90 -g 

s. 
80 2 

70 

60 

50 

Fig. 7—Sustained-load cracking in NRL alloy D4 in ambient, room-temperature air, 
SEN bend specimens. Solid points represent rising-load tests; 

hollow points denote sustained-load tests. 

tf (a) 

Fig. 8—Sustained-load cracking in NRL alloy D2 in ambient, room-temperature air; 
SEN bend specimens. Solid points represent rising-load teats; 

hollow points denote sustained-load tests. 
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Fia 9—Sustained-load cracking in N RL alloy Dl in ambient, room-temperature air; 
SEN bend gpecimena. Solid poinU represent rising-load tests; 
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Fio 10 illustrates the anisotropy in SLC growth in a PTC specimen of alloy R23A- 
Growth ï, t^on SiweenPdashed lines is less in the thickness direction (uHÜcat^by 
arrow) than in the transverse direction, although analysis of the msutunum 
intensity factor for a given applied load would predict greater growth m the Mctaw« 

region embedded in a matrix of microvoid coalescence in this specimen is shown ig. 

Ratios of apphed stress to yield stress are encircled in figures 
men data- these hnply directly the reductions in load-carrying c®P®c^.0^mg ./ 
For example “ the case of alloy R23A, the fracture resistance inferred from the rising¬ 

load tests suggests that the fracture-safe, load-carrying limit is 
yield limit load, while fracture resistance implied from the threshoW Kftindicate 
fracture-safe, load-carrying Umit which is only 70% of the yield limit load. 

DISCUSSION 

While variations in A from plate to plate, for a given crack orientation, do not seem 
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Fig. 10—Anisotropic crack growth in a PTC tension specimen of NRL alloy 
R23A under sustained load: SLC growth (bounded by dashed line) is less in 
thickness directio.i (denoted by arrow) than in transverse direction.

Id

Fig. 11 "Stereoscopic pair of scanning electron micrographs illustrate cleaved region 
(within dashed loop) embedded in matrix of coalesced microvoids, from SEN bei^d 
specimen of NRL alloy R23A, cracked under sustained load with Kji - 65 ksK/in. 
(74 VPa ml'2)

(or relaxation thereof); unfortunately, fracture mechanics has yet to be developed to this 
capability.

However, most of the threshold Ku values do meet the ASTM thickness requirement

'1“V .a
\°ynj

for validity, and thus may be useful for fracture mechanics interpretations of flaw size vs 
stress level relationships. Hence the SLC effect may be reckoned with in much the same



14 O.R. YODER, C.A. GRIFFIS, AND T.W, CROOKER 

manner that stress-corrosion-crackinK effects are factored into fracture-safe design pro- 

inferred. 

Perhaps it is worth emphasizing that a fracture toughness number Kjt in Table 1 
which satisfies Eq. (6) appears to represent a more conservative fracture-safe design pa¬ 
rameter than a KIc number, determined from a rising-load test, in accordance with ASTM 
specifications, which cannot account for insidious time-delayed failures owing to SLC. 
For example, in the case of alloy C5 (SEN specimen data) the Kq value of 56 ksh/m. 
(62.3 MPa-m1/2), which is a close approximation to Kjc*, implies a fracture resistance 
some 21% higher than the threshold Ku = 46 ksK/m. (51.2 MPa-m 1/2) determined from 
sustained-load, cantilever bend tests. 

To investigate any potential role which hydrogen may have in SLC, an analysis of 
crack growth rate data might prove useful in detecting an incubation time t (7, 17, 18) 
associated with this cracking. Such a t should exist if a critical concentration of hydro¬ 
gen c must accumulate at the crack tip before cracking can proceed. Hydrogen might 
so accumulate by diffusing from the bulk by interaction with the crack-tip stress field as 
modeled by Liu (19), with the result that 

where 

c0 = concentration of hydrogen in the bulk 

A = lumped material constant 

k = Boltzmann’s constant 

T = absolute temperature 

r, 0 = polar coordinates emanating from crack tip. 

By using the compUance technique (2), crack growth rate data shown in Fig. 12 have been 
obtained from the SEN specimen of alloy D3, which was loaded initially to KB = 66.6 
ksK/m. (74.1 MPa-m1/2) and failed under sustained load in room air after about 1.5 hr. 
Clearly the data in Fig. 12 do not reveal an incubation period, as crack growth begins al- 
most immediately, at rates of the order of 10-5 in./s (10-5 cm/8). If the high mobility of 
interstitial hydrogen has made the incubation period undetectably smaU at room tempera¬ 
ture, then lower temperatures can be used to increase the extent of any incubation period, 
which should vary inversely with drift velocity of the hydrogen. The drift velocity used 
by Cottrell and Bilby (20, 21) in relating solute interaction with a dislocation stress field 
is given by Einstein’s theory of Brownian motion as 
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Fig. 12-Crack extension in a SEN bend specimen of NRL alloy D3 
under sustained load with Kjj - 67 ksK/ïïT (74 MPa-ml/2) 

where D is the diffusivity and V the interaction energy. Liu (19) expresses the inter¬ 
action energy between the diffusing hydrogen and the stress field of the crack tip as 
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(9) 

From Eqs. (8) and (9) it follows that the incubation time is given by 

2LkTr3^2 
(10) 

AKIj D0 exp ( 

where 

L = a constant with the dimension of length 

D0 = the diffusion constant 

Q = the activation energy. 

At this point, however, any participation of hydrogen in the SLC process remains 
undefined. 

Furthermore, a recent study by Meyn (22) showed that for one TÍ-6A1-4V alloy the 
SLC effect failed to disappear at an exceedingly low hydrogen level (Le., a few ppm) 
which bordered on the Umit of detection. Thus it is not clear that SLC in titanium alloys 
is caused solely by internal hydrogen content. In other studies of SLC in inert environ¬ 
ments, it has been noted that crack growth occurs with an initial region of transient 
growth, followed by a region of steady state growth, and terminating with a region of 
accelerating growth which leads to failure; this appears to be the pattern in Fig. 12. Such 
behavior has in some instances been relatable to material flow properties (23). Similar 
efforts might prove fruitful in the present case to interpret room-temperature crack growth 

rate data. 

SUMMARY 

Degradation in load-carrying capability owing to SLC is widespread and senous in 
alloys of the TÍ-6A1-4V family. Each of eight plate samples tested in air at room tem¬ 
perature exhibited the effect, with degradations ranging from 11 to 36%. The amount of 
degradation does not seem to correlate with interstitial contents, processing variables, or 
strength and toughness levels; however, the susceptibility to SLC is orientation dependent. 
For most of the materials examined, invalidity of the rising-load fracture toughness values 
with respect to plane-strain criteria makes quantitative comparison of degradations 
uncertain. 

If the potential hazard of time-delayed catastrophic failures owing to SLC is to be 
avoided in structures fabricated with these alloys, the SLC effect is one that must be 
reckoned with, in much the same manner that stress-corrosion-cracking effects are fac¬ 
tored into fracture-safe design procedures. It appears for most materials examined that 
the threshold stress-intensity factor Ku, below which time-delayed failures owing to SLC 
do not occur, may be useful for fracture mechanics interpretations of flaw size vs stress 
level relationships. While there is no standard technique for determining such a threshold, 
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it appears that Kjt represents a more conservative, fracture-safe design parameter than 
Kfc, determined from a rising load te¿t in conformity with ASTM specifications, which 
cannot account for insidious time-delayed failures owing to SLC. 

The mechanism of SLC has yet to be defined, especially with regard to the possible 
role of interstitial hydrogen. 
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