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ABSTRACT 

Five plated titanium bolts which ruptured during reactor vibration test ND 20101 were 

examined metal lographical ly to gain some insight into the cause and type of fa i lure. Samples 

from sixteen ruptured bolts were also analyzed for hydrogen content. Microstructural examination 

revealed a lack of material deformation around the thread contour implying the use of thread 

machining or grinding rather than thread ro l l ing. It was subsequently discovered that threading 

was performed by gr inding. The structure of the bolt material was characteristic of small diameter 

5AI-2.5Sn-t i tanium bar stock being primari ly fine grain (ASTM 7-8) wi th slight evidence of 

transformed beta structure, and relat ively clean. No evidence of the embri t t l ing,needle- l ike 

hydride precipitates was noted in the microstructure. This latter observation was supported by 

chemical analysis which placed the hydrogen content of sixteen fai led bolts in the range 

55 to 97 ppm. This range is wel l below the specif ication maximum of 150 ppm and the solubi l i ty 

l imi t of approximately 300 ppm. A l l metallographic and analyt ical evidence show the bolt 

material to be characteristic of sound 5AI-2.5Sn-t i tanium. 

Very high magnif ication metallography revealed small cracks 0.0001 to 0.0005" long 

extending from the plat ing-t i tanium interface into the t i tanium. This cracking was extensive 

on two of the f ive examined bolts. These cracks were present both at the sides and root of the 

threads, and extended roughly perpendicular to the thread contour. There is some evidence 

that the cracks occur through normally present precipitate clusters, but this conclusion could 

not be absolutely established. It is probable that thermal shock due to thread grinding could 

have caused these minute fissures and subsequent propagation of some of them resulted in bolt 

fa i lure. Cracking, however, may have resulted from vibrat ion testing and not thread gr inding, 

although this seems unl ike ly since they appear at both the sides and thread roots, and do not 

extend through the plated layers. Unused bolts from the same lot were not avai lable for exam

ination to absolutely establish whether these fissures were present before or after testing. An 

obviously br i t t le t itanium-electroless nickel reaction zone was also found on these bolts. This 

zone is loaded with precipitates probably of the N i Ti type. 
x y 

The environmental condit ion of vibration implies that the failures occurred by fat igue. 

This conclusion Is somewhat supported by metallographic observations which did not reveal any 

rOMFI 
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deformation in the material immediately adjacent to large partially-propagated cracks, and the 

transgranular nature of these cracks. The fatigue resistance of the bolts must have been lowered 

due to the presence of ground rather than rolled threads, and may have been lowered add i t ion

a l l y by the presence of surface flaws as well as a titanium electroless-nickel br i t t le reaction 

zone. 

INTRODUCTION 

The N D 20101 Build I assembly was subjected to a series of lateral and torsional v ib ra

t ion tests on September 14, 1963. After testing^inspection revealed that twenty-eight of for ty-

eight t itanium a l loy bolts (part No. 945C630H02) had ruptured. A l l failures occurred through 

the threaded areas at the transition point between the engaged and unengaged sections. The 

bolts were used to fasten the aluminum al loy core support plate to a simulated core support r ing. 

Titanium 5AI-2 .5Sn bolts plated in sequence with electroless nickel and silver were used in this 

appl icat ion. Sixteen of the ruptured bolts were obtained for metallurgical study. Five of them 

were metal lographical ly mounted and polished to produce a cross-section through the threads 

for examination. In addit ion to this samples from a l l sixteen bolts were analyzed for hydrogen 

content. 

RESULTS A N D DISCUSSION 

A survey of the t i tanium microstructure revealed, in general, a very fine grainjequiaxed . 

fu l l y recrystal l ized alpha structure (ASTM 7-8). One of the examined bolts showed a somewhat 

duplex - part equiaxed.part transformed beta structure. The differences in structure can be 

attr ibuted to variations in hot working temperatures or degree of work, and are very typical of 

small diameter al l-alpha t i tanium bar products. (Small diameter bar is fabricated in the v ic in i ty 

of the alpha-to-alpha-pi US-beta transformation temperature and requires at least 50% work to 
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result in a fu l ly equioxed structure upon anneal ing.) Normal diffused light and dark f i e l d -

i l luminated microstructures are shown in Figure 1. 

No evidence of the embrit t l ing needle- l ike t i tanium hydride precipitate was found in 

the structure of these bolts indicating that plating did not result in excessive hydrogen contents. 

Analy t ica l samples from a l l sixteen bolts ver i f ied this metallographic conclusion. Each result 

fe l l in the range 55 to 97 ppm which is well below the specif ication maximum of 150 ppm and 

the solubi l i ty l imit of about 300 ppm. The bolt material is, therefore, considered sound with 

respect to microstructure and hydrogen content. 

Examination of the thread contour on these bolts revealed no evidence of rol l forming. 

Subsequent inquiries into the manufacturing procedure indicated that thread grinding was used. 

Sample No . 2559 in Figure 2 is characteristic of the thread contour found in the f ive examined 

bolts. The lack of grain distortion around this contour is obvious. Sample No. 2525 in Figure 2 

was obtained on an identical bolt from a different manufacturing lot. The threads shown here 

have been formed by rol l ing and the picture can be used for comparison purposes. A t the time 

of purchase the manufacture of the subject bolts was not covered in any WANL specif icat ion. 

This situation has been remedied and the manufacture of these and a l l other t itanium al loy 

bolts is presently out l ined in WANL PDS 30042 which requires thread ro l l ing. 

A large amount of experimental work has been reported in the literature showing that 

the cold work produced at the thread notches during rol l ing improves the mechanical properties 

of most bol t ing materials. This is especially true when fasteners are subjected to cycl ic loads 

where residual surface compressive stresses and increased surface strength generally result in 

improved fatigue properties. Thread grinding rather than ro l l ing , therefore, may have seriously 

lowered the fatigue resistance of these bolts. 

The above remarks assume that cyc l ic loading played an important part in the ultimate 

mode of fa i lure. This is supported somewhat by the examination of large part ia l ly propagated 

cracks v^^iich were characteristic of fatigue fissures in that no metal deformation occurred around 

them, and they propagated in a transgranular manner. The photomicrographs in Figure 3 give 

examples of this. This conclusion is also supported by the results generated during reactor i n 

spection after testing when i t was established that wearing had occurred at the mating flange 
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area of the core support plate and the simulated core support r ing* . Wearing would result in 

rel ief of the pre-load applied to the bolts in assembly causing them to flex with the applied 

vibrations and fai l in fat igue. 

Very high magnif ication metallographic examination of the electroless n ickel- t i tanium 

interface revealed short cracks in the order of 0.0001 to 0.0005" long extending into the 

t i tanium. (Refer to Figure 4. ) On two of the f ive examined bolts this cracking was extensive 

and occurred at the sides as well as the roots of the threads. It is possible that these cracks 

resulted from thermal shock during thread grinding and some of them provided the nucleus for 

propagation of fatigue cracks. These fissures may have occurred during vibration testing, but 

their location at sides of the threads as well as the roots, and the fact that they do not propa

gate through the br i t t le electroless-nickel layer imply their presence prior to testing. Unused 

bolts from the same part lot were not avai lable for examination so that this conclusion could 

not be absolutely established. A close look at photomicrographs A and B in Figure 4 shows 

cracking to occur through or adjacent to globular precipitate clusters. Thermal shock failures 

would be expected to occur at these regions due to the different conduct iv i ty and expansion 

characteristics of matrix and precipi tate. This relationship of fissure and precipitate was, 

however, not found in a l l cases as exemplif ied by photomicrographs C, D and E in Figure 4. 

An electroless n ickel- t i tanium interaction zone can be seen in a l l of these photo

micrographs. Reaction must have resulted from the 500 F bake appl ied after electroless 

nickel plat ing. Very minute, almost unresolvable, globular precipitates are found in this zone 

(most apparent in photomicrograph C). This is not unusual since the t i tanium-nickel phase 

equil ibrium system contains at least three known N i Ti intermetal l ic compounds. Because 

of this, however, the zone is undoubtedly br i t t le which reflects a potential decrease in 

fatigue strength. In general, the presence of thermal shock fissures and the defini te occur

rence of a p lat ing-t i tanium reaction layer would be expected to substantially decrease the 

material 's resistance to fat igue. 

* WANL Mechanical Design Memo 41:41:01-22L, F. G. Touch, December 6, 1963. 
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CONCLUSIONS 

1) Roll forming was not employed in threading the titanium al loy bolts which fai led in 

vibrat ion test N D 20101. 

2) 

3) 

4) 

5) 

The bolts were not embritt led by an excessive hydrogen content, and the material 

appeared sound from a microstructural standpoint. 

The bolts fai led under cyc l ic loading* due to fat igue. 

Thread grinding is bel ieved to hove resulted in short thermal cracks which 

lowered the fatigue resistance of the bolts. 

A surface electroless n ickel - t i tan ium reaction zoneresulteddue to heat treatment fo l lowing 

plat ing. Precipitates, deduced to be the N i Ti type, are apparent in this zone which 

undoubtedly resulted in surface brittleness and attendent loss of fatigue l i fe . 

' 'Cyclic loading was due to flange wear and subsequent rel ief of the bolt assembly pre- load. 
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Figure 1 - Mlcrostructure of Bolt Material 
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Figure 2 - Microstructures of Thread Contour of Failed Bolt 
and Roll Threaded Bolt 
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Figure 4 - Photomicrographs of Titanium-Electrodeposit Interface Area 


