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ABSTRACT 

The titanium alloy Ti-6A1-4V was found to be susceptible to sustained 
load cracking in 3-1/2% Nad solution, and this susceptibility increased with 
increased specimen thickness.   The sensitivity to thickness was found in the 
thickness range  near  that required for plane strain crack propagation 
Cracking rates were also found to increase with increasing specimen thickness." 

The mechanism for the sustained load cracking may have been either a 
stress corrosion cracking mechanism arising from the presence of the salt 
water or a hydrogen-assisted cracking mechanism arising from the hydrogen 
content of the alloy. J    «B " 

PROBLEM STATUS 

This report completes one phase of the task; work is continuing on 
other phases. B 
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NRL Problem M01-08 
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THE EFFECT OF THICKNESS UPON 
SUSTAINED LOAD CRACK PROPAGATION IN TMJAMV ALLOY 

TESTED IN 3-1/2% NaCl SOLUTION 

INTRODUCTION 

of thäfT CraCking 0f titaniUm alloys is of considerable interest in the application 
of these alloys to aerospace and hydrospace environments.  The   effects of both diSi 
hydrogen and aggressive environments upon slow crack growth are being "ntensTveirstud^ed 
in an e fort o establish the key causative factors which may be experTenc^n pract ce 
A parallel effort .s directed toward understanding the crack-Up pro^ZT^cZ^. 

The present investigation was directed primarily toward evaluating the effect of thick 

Z^inTv^T' 7Ckr^ Characterist- - the titanium Ly ^AUV 
stressed m 3-1/2% salt water.   Secondary aims were to (a) briefly compare these results in 
^It water with results in air, (b) ..aluate a thickness effect suggested previously (1   L 
(c) briefly check the rising load fracture toughness. P^v.ousiy (i j, and 

MATERIAL AND EVALUATION PROCEDURES 

Ti 6^V lnwehn^f I' 1-5' rd ?/4 in- thicknesses were ^ from « 3-in.-th.ck plate of 
.^n^ t V K Tu     miCal WnalysiS ls given in Table !•   This P'ate was from a 12 000-lb 
ZeJ   For^'rrrT' ^ trip,e me,t,ng in VaCUUm b' the consumable elSe 
finish^ at 1440g°F    iuf. P       ^ T^t at.2050 F' With fina, ro,,in« at 1750OF ™* 
tetween 1 thr^hi^ ^ ^ ** plate' W':ih nei8hbo"ng spec.mens alternating 
TZZ V ^cknesses in order to minimize the possibility that specimens of a 

f^cJne«   Zcrm
0
e

Und hrHSign,fiCant,y d,fferent mi—tructureTfrom th^se of Lother 
to ^r^'   Sp

o
eC,m*"S *hich were cut ln,tially to the full plate thickness had to be reduced 

of  he In "L^1^"685 t0 better appr0ach the AS™ requirement (2) that the depth of the specimen be at least twice the thickness. P 

The specimens were of the design shown in Fig. 1 and were tested by three-point 

^tZV'FT^^er-   «f ^-o/^of thespecmen th.cknesl we" Z h ned 
T* vTv v>  *'      ^\n

nal d,rner-s,ons of the semens were (a) 3/4 X 2 X 9 in   (b) 
1.5 X 3 X 12 in., and (c) 2 X 3 X 12 in.   These specimens were oriented such that the 
cracks would propagate in the TS direction (3) - previously the WT (4)  or long iansverse 
du-ection - and the smaller specimens were machined such that the tips of the L^e 
cracks were positioned at the same depth into the plate as the larger specimens (aM/4 
Plate th.ckness).   The specimens were prepacked by fatigue to a depth ofl/4 in   whth 
gave a notch-plus-crack length of about 1 in.   During the fatigue precrack n/ the faU^e 
loads were gradually reduced to comply with ASTM suggested stTd^T   Most Tthe 
specimens were tested in 3-1/2% NaCl solution, usmg cells cemented to the sides of the 
specimens as shown in Figs. 2 and 3.   The distances between the upper load ng polL 
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Table 1 
Chemical Content of the Ti-6A1-4V Alloy 
Element Composition (wt-%) 

Al 6.0 
Mo — 

V 4.1 
Fe 0.5 
C 0.023 

O2 0.07 

N2 0.008 
Ti Balance 

.,   I       ..1 

I^?J I l^L,   DRILL S  TAP FOUR (4) 2-56 STREW  MOLES 

S/4'; 1.1/2'. 2" 

T 
V32 

MILL  FLAT  SURFACE  1-1/2" EITHER  SIDE Of 
1/8 r~  MIDPOINT  BEFORE  WILLING  S  TAPPING 

0 010" r 
SIDE 

GROOVE 
60» ANCLE 

1/4 

2.5 

SIDE 
VIEW 

._f 

5/4" SPECIMENS IOOS«" 

SiO£ CROOVI OCPTM MCM SiOC { l 3"    SPECIMENS tO 075" 

2 0"   SPECIMENS «OiOO" MiOLENGTH OF   SPECIMEN 

Fig. 1 — Design of thrpe-pomt bvnding ipecimen* 
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•<’' CELL

*1

L305
Fig. 3 — Corrotion cell in plac*. on a 2-in.-Uiick tpacimen
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4 BEACHEM AND MEYN 

shown in Fig. 2 were 8 in. for the 3/4-in.-thick specimens and 12 in. for the other two 
thicknesses.  Calibration curves relating the crack opening displacement and the applied 
load to the crack length were constructed for each specimen thickness, and the crack 
opening displacements during the experiments were continuously monitored with a clip 
gage as shown in Fig. 2. 

Stress intensity values were calculated from the formula (2) 

PS     ^<i) K, = 
BW3/2 

where 

P = applied load 
S = outer support span for three-point bend specimen 

B = specimen thickness 
W = specimen depth (width) 

Bn = net thickness after machining side grooves 

f(^) is obtained from Ref. 2. 

The term VB/B^ is suggested by Freed and Krafft (5) to correct for the elevation of effective 
sttess intensity due to side grooves. 

The first specimen of each thickness was loaded by small increments, with 1 /2-hr 
holds at each load until cracking started. The approximate threshold values KIth for each 
thickness were establishtd from these loads and crack lengths.  Succeeding specimens were 
loaded immediately to selected lower Kj values, with the intention of holding these loads 
•intil crack growth occurred.   If crack growth did not occur after a day at load, as was 
the case with many of the experiments, the loads were increased by steps, with hold limes 
of several hours, until crack growth did occur.   Representative fracture surfaces are shown 
in Fig. 4.   The fatigue cracks are seen to lead at the side grooves.   The crack lengths used 
in calculating the K values shown in Tables 2-4 were the averages of Itngthf as measured 
at the 1/4, 1/2, and 3/4 positions through the thickness.  The measured cmck lengths 
were to within 3% of the crack lengths calculated from crack-opening displacement mea- 
surements, except for one instance where the calculated length was 9% longer than the 
actual length. 

In addition to the experiments outlined above, two additional experiments were con- 
ducted on the 3/4-in.-thick specimens.   One specimen was tested with a steadily rising 
load, as in a Kic test, and one was held at a sustained load in air. 

RESULTS 

The lowest, or threshold, levels of stress intensity at which cracking occurred in this 
Ti-6A1-4V alloy in 3-1/2% NaCl solution are shown in Fig. 5.   The effect of specimen 
thickness is pronounced, with the threshold Klth decreasing about 30 ksiv/Tn. with an 
increase in thickness from 3/4-in. to 2-in.   The scatter of the results for a given thickness 
is probably due to the heterogeneity of the alloy plate, which shows up on the fracture 
surfaces in Fig. 4. 
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Fig. 4 — Examples of the fracture surfaces of the three titanium 
specimen thicknesses (2, 1.6, and 3/4 in., left to right)

Table 2

Crack-Tip
Environment

Fatigue
Crack
Length

(in.)

First Load Final Load
Load
(lb) Ki

(ksi'/ST)
Time at 

Load 
(min.)

Cracking
Load
(lb)

Cracking
Ki

(ksi'/hT)

Time to 
Break 
(min.)

NaCl Sol. 0.053 4,580 40.0 120 11,000 96.0 65
NaCl Sol. 0.903 10,600 94.6 60 10,600 94.6 60
NaCl Sol. 0.916 10,550 90.1 86 10,550 90.1 86
NaCl Sol. 0.965 9,750 85.0 1200 10,880 95.0 12

Dry 0.981 9,200 96.0 40 9,200 96.0 40
Dry 0.907 12,100 116.0 3.25 — — —

I
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Table 3 

Crack Tip 
Environment 

Fatigue 
Crack 

Length 
(in.) 

First Load 
k/-iii.-iiiu;i i opecimem 

Final Load 

i 

Load 
(lb) 

Ki 
(ksiJin.) 

Time at 
Load 

(min.) 
Load 
(lb) 

Ki 
(ksiJm.) 

Time to 
Break 
(min.) 

NaCl Sol. 

NaQ Sol. 

Naa Sol. 
NaCl Sol. 

0.855 

0.793 
0.801 

0.913 

18.000 

30,160 

31,550 
26,950 

42.2 
68.1 

71.5 

67.0 

1,098 
990 

312 
1,05:< 

33,750 

34.800 

32,850 

35,000 

79.6 
78.6 

74.5 

87.2 

120 
485 

553 

414 

Table 4 
ResulU of Sustained Load Experiments on 2-in.-Thick Specimens 

Crack-Tip 
Environment 

Fatigue 
Crack 
Length 
(in.) 

First Load 

Load 
(lb) 

NaCl Sol. 
NaCl Sol. 

j    NaCl Sol. 

0.670 
0.755 
0.709 

36,093 
33,500 
38,000 

Ki 
(ksiv/uT.) 

Time at 
Load 
(min.) 

Final Load 

54.7 
55.0 
59.7 

1.134 
1,072 

257 

Load 
(lb) 

40,600 
47.500 
46.950 

Ki 
(ksiv/in.) 

61.5 
78.0 
73.7 

Time at 
Break 
(min.) 

1,788 
495 

232 

incr*]^ ?lr,Ti deCreaSe ,n K,th ^ incre**d thickness is thought to be due to the 

B< 2 *m- 
«ti/fieS ^62^ Ui^'f^l ^^^T StreS8 inten8itieS for Which ** -ndifo,    , sausned are 62.5 ks.v/n^for the 3/4-in..thick specimens, 88.5 ksi^uT for the 1 «> in    hi.k 
specmens and 102 ksi^ for the 2.in.-thick specimens    T*e ratiosof  hei vles'to 

tt sTl . ' TT^V0'^ 0f the th,ckne8se8 were ^"'ore 0.7  1 2 and H t 
he K     11'        2'!n- th,cknesses- respectively.   The effect of increased th cZss lowerina 

the KIth value .s not surprising in this range of thicknesses since it is probable St X 
max.mum lateral constraint along the crack front .s not a cons Jt Tn"this «nge 

are sh^ifpüf firateKrneaSUrementS Were made durin8 these experiments and the results are shown m F.g. 6. where .t .s seen that the cracks grew faster ilTthe thicker specmens 

CONCLUSIONS 
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140 

«60- 

THICKNESS (INCH) 

Fig. 5 — Effect of specimen thickness upon the threshold 
stress intensity value K^ 

conditions.  The effects are that (a) increased thicknesses cause sustained load cracking 
at lower stress intensity levels, and (b) faster cracking rates occur in the thicker sections. 
The effects of the salt water upon cracking are not clear, since it is known that hydrogen 
in titanium causes sustained load cracking (6), and since the 3/4-in. specimen, which was 
stressed at sustained load in laboratory air, cracked at about the same Kj at which the 
specimens loaded in salt water cracked.  In other words, the sustained load cracking may 
have been caused by hydrogen-assisted cracking from hydrogen already dissolved in the 
lattice instead of from some stress corrosion mechanisms at the crack tip.   No effect of 
step loading on KIth was found. 

The fact that the 3/4-in.-thick specimen, which was broken with an increasing load, 
fractured at a higher stress intensity than those held at constant loads (116 ksiv/uT versus 
an average of 93.9 ksiv/In.) suggests that the alloy is significantly sensitive to either stress 
corrosion cracking or to sustained load cracking due to internally dissolved hydrogen. 
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Fig. 6 — Crack growth rate versus stress 
intensity factor Kj for the three titanium 
specimen thicknesses 

120    130    140 
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