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ABSTRACT

An X-ray fluorescence spectrometer based on a Co 57 Y-ray source has been

developed for verification of the atomic percentages cf iron atoms implanted

in titanium fatigue targets. The iron ions were implanted in a 100 mm 

area centered at the middle of the titanium targets to provide a 126 nm deep

uniform profile containing 1, 5, and 8 a/o iron atoms. The implantation

ieaions of the targets were bombarded with collimated Co 57 Y-rays and the

.	 elemental characteristic X-lays detected with a 30 mm2 , 3 mm deep Si(Li)

detector. The total system resolution (detector + electronics) was

!< 250 eV. Measured relative intensities of Fe(k a + k 8 ) and Ti(ka + ks)

X-rays from Fe-Ti targets have been compared with the values computed using

fluoresce-.t yield data reported in the literature. The computed and the

measured values of R = Fe(k a + k s )/Ti(k a + k s ) at the three iron concentrations

are in agreement, within experimental errors, as seen below: R(1 a/o) = 2.78

K 10-4 \'3 X 10 4 ), R(5 a/o) = 1.38 x 10-3 (1.5 x 10-3 ), R(8 a/o) = 2.22 x 10-3

(2.6 x 10-3 )	 The experimental values, given in parentheses, have an
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INTRODUCTION

Interest in hypersonic vehicles has aroused a great deal of

in:e^es` in the fatigue damage characteristics of titanium metal and its

a1=	 =e2ently, a study of fatigue damage mechanisms in titanium metal

using Fe 57 .Mossbauer spectrometry
1

' 2 has been initiated. High purity (99.9%)

iron ions were implanted in the high stress zone of the titanium fatigue

targets. It was anticipated that the fatigue induced atomic changes in the

region of iron implantation would affect Mossbauer parameters of iron atoms, 1,2

A measurement of such changes could then be used to infer the changes in the iron

atomic environment:,. Before the Mossbauer measurements of the iron implanted

titanium targets could be started, it, was felt desirable to confirm the iron atom

concentration in the titanium substrate. An X-ray fluorescence technique 

was considered to be the most appropriate nondestructive technique for this

purpose. Since a 25 millicuries Co 57 Mossbauer source was already available,

it was decided to develop an X-ray fluorescence system (XRF system) based on

the Co 57 y-rays as the exciter radiation. The XRF system, its performance

and the results on ion-implanted titanium targets are described in the

following pages.

X-RAY FLUORESCENCE ESYSTEM

The XRF system consists of three major components: An excite.- radioactive

source, target holder, and X-radiation detection system. Figure 1 shows a

schematic diagram of the system. A well-collimated beam of the Co 57 Y-rays is

*This conclusion was dictated by the fact that the FeTi targets should not be

modifiel in any way, either by heatira under charged particle bombardment or

by impurity contamination if the targets are placed in a vacuum.
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R
allowed to fall on the (Fe-Ti) target. The target is positioned so that the

exciter beam covers the entire implantation zone. The target atoms get

excited under y-bombardment and then de•-:xcite by emitting their charac-

teristic radiations. These characteristic X-rays are detected with a 30 mm

3-mm-th 4 :^k Si(Li) detector with an 8.5-um-thi ,:k Be window. The Si(Li)

detector output, after amplification, is analyzed using a 400-channel pulse

height analyzer. Figures 2 and 3 show typical X-ray spectrum from Ti and Fe

targets. The total system resolution (FWHM) is calculated to be 250 eV. The	
3

Si(Li) detector resolution has been quoted at 185 eV (5.9 keV/1000 cps) by

the manufacturer.

FE-TI TARGET PREPARATION

The Ti targets were fabricated in the form shown in figure 4. This

target geometry was selected because of the availability of extensive fatigue

damage data in targets of this configuration. 4 The Fe + ions were implanted

in a 100 mm  circle centered at the elox cut in the middle of the titanium

target. The ion implantation accelerator available could operate reliably

only in the range 1G-300 keV. It was therefore decided to implant Fe atoms

in Ti uniformly up to a thickness of 126 nm, which is the projected ranges

of 275 keV Fe ions in Ti. Table I lists the various Fe ion energies and

the corresponding implantation doses (ions/cm 2 ) to provide flat 1, 5, and 8

atoraic percent of Fe atoms profil::s in 126 nm deep layer in titanium.

*:he Fe ions were implanted by KSW Electronics Corporation, Burlington, MA,
under contract to NASA Langley Research Center.
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Table I.- Fe ion energies and implantation doses for a
flat 12.6 nut deep profile

No.
Fe + Energy

(keV)
Im lantation Dose (ions/cm2)

1 a/o 5 a/o 8 a/o

1 16 3.48 x 10 14 1.74 x 1015 2.78 x 1015

2 33 5.46 x 1014 2.73 x 1015 4.37 x 1015

3 63 9.10
1

x 1014 4.53 x 1015 7.25 x 1015

4 111 1.47 x 1015 7.35 x 1015 1.18 x 1016

5 180 1.72 x 10 15 8.61 x 1015 1.38 x 1016

6 275 4.89 x	 10 .1-5 2.45 x 10 i6 3.91 x 1016

W I

CALCULATIONS OF RELATIVE CONCENTRATION OF FE AND TI

ATOMS ON THE BASIS OF MEASURED FE AND TI

CHARACTERISTIC -RAY INTENSITIES

For the purpose of calculations, the 126 nut deep ion-implanted region

will be divided into six parallel strips. Both the Ti and Fe k-X-rays will

have to pass through all the overlying strips before escaping from the tarE-et.

Since the Ti X-rays cannot escape the target if they have to penetrate

*
through more than 126 um of Ti, the effective thickness of the Ti substrate

*This is easily seen from the following equation:

I(126 um) = I e-W0. 5 keV) x 0.0126
0

I (0.0017)
0



would be considered to be 126 um, even though the nominal substrate thickness

is 1500 um. The effective Ti thickness would be subdivided into 30 parallel

strips for the purpose of calculating attenuation sufl'cred by Ti X-rayE

starting from various sublayers. Figure 5 shows the proposed calculational

model detailed in Appendix 1.

For illustrative purposes, calculations will be made for the target

having 8 percent Fe implanted in Ti. The relevant information about the

X-rays of interest are listed below: 
6(c)

Y.-Ray Energy
Absorption Coefficient	 (cm`	)

Ti Fe

4 .51 keV	 (Ti-k	 ) 111.4 188.3
a

4.93 keV	 (Ti-k 6 ) 86.8 146.9

6.40 keV (Fe-ka ) 370.1 70.4

7.06 keV (Fe-k S ) 285.7 53.3

For calculating attenuation through the implantation zone, it will be asswned

that:

u	 u
(mixture) = lp 

wl + p 2 w2
1	 2

where	 u l 2 and p1,2 are the attenuation coefficients ,cm-1 ) and the

densities (gms/ec), respectively, and w i and w2 are weight fractions of

the constituents in the implantation zone. The following values of the

attenuation coefficients are thus calculated for the implantation zone:

(1 )

5



4 .51 keV - 544.9 em
-1_ 

; )4.93 keV	 424 .6 cm.-1

6.40 keV - 1575.3 cm-1 ; 7.06 keV	 1215.6 cm-1

Using. these values, it is calculated that 99.0 percent of the Fe(k a ) and

99.7 percent of the Ti(k
01
) X-rays will pass thrDugh the implantation zone.

Similar calculations show that 15.5 percent of all the Ti k-X-rays produced

in the 126 Um "effective"Ti substrate will pass througr it.

Extensive theoretical and experimental data compilations have been

published  on the y-ray attenuation coefficiei.ts in various elements. This

I	 data has been used to calculate the efficiency for characteristic X.-ray

production in Ti and Fe targets under Co 57 radiation bumbardment. The

review paper of Bambynek et al. 
3(d) 

has been used as the source for fluorescent

yield data to compute the k-X-ray production in Ti and Fe elements. Using

these sets of data, the following relative intensities of tine Ti and Fe

k-X- rays are estimated:

Fe(ka + ks)	 const x ( 4 .75 x. 10-3 )	 (2)

Ti(ka + k 6 ) ,. ccnst x (2.14)	 (3)

i.e.,

I[Fe(ka + k^J]
i Ti(k 

a
++ k	 -	

= 2.22 x 10	 (4)
a

The  Cc^7 source was covered with a 178 um aluminum absorber to remove Fe
(ka + kE ) X-rays from the incident radiation. The remaining radiations
(Y-rays of energies 14.4 keV, 122 keV, and 137 keV) are effective in producing
characteristic X-rays in both Ti an.i Fe targets.

6
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The measured value of R for 8 percent Fe-Ti target was 2.6 x 10 -3 (+25%).

Table II lists the measured and calculated values of R for the three

targets assayed.

Table :I.- Comparison between the measured and calculated value
of R for the three (Fe-Ti) targets

7

No. Fe - percentage R	 (calculated) R (measured)

1 1 a/o 2.78 x 10 4 3.0 x 10-14

2 5 a/o 1.38 x 10-3 1.5 x 10-3

3 8 a/o 2.22 x 10-3 2.6 x 10-3

The calculated and the measured values are in agreement, within the

experimental errors.

RESULTS AND DISCUSSION

-he XRF system described has been used to experimentally verify the

iron c;ntent in the three Fe-Ti targets described earlier. -ach Fe-Ti

target was subjected to the Co 57 exciter radiation for a period up to 48 hours

and the resultant Fe and Ti X-ray spectra were accumulated. A typical spectrum

is shown in figure 6. From such spectra, the intensities of Fe(k a + ks)

and '_i(k a + k S ) X-rays were determined. The ratio of these intensities are 	

i

related to the Fe atomic percentage in 'ri as described earlier. Measured 	 !i
i

re - alive intensities of Fe(k a + k s ) and Ti(k a + k 6 ) X-rays from Fe-Ti target.:

have been compared with the values computed using fluorescence yield data

7
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reported in the literature. The computed and measured values of

Fe(k^ + k^)
Ti(k^ + k6) at the three iron concentrations are in agreement, within

experimental errors, as seen below: H(1 a/c) = 2.78 x. 10 	 (3 x 10 ),

R(5 a/c) = 1.38 x 10 -3 (1.5 x 10-3 ), R(8 a;o) = 2.22 x 1.0 -3 (2.6 x 10-3).

The experimental values, given in parentheses, have an estimated error of
"k.q

+25%.

CONCLUDING REMARKS

An X-ray fluorescence spectrometer, based on Cc 57 y-ray source, has been

developed. The system has been used to measure the atomic percentages of

iron implanted in titanium targets. Measured relative intensities of

Me(ka + k 6 ) and Ti(ka + k 6 ) X-rays from Fe-Ti targets are in agreement,

within experimental errors, with the calculated values based on appropriate

interaction cross sections of Cc 	 gazr a rays with 7i and Fe atoms.
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APPENDIX 1

METHOD OF CALCULATING: RELATIVE INTENSITIES

OF IRON AND TITANIUM K-X-RAYS

For the purpose of calculating relative iron and titaniuun k-X-ray

intensities, the Fe	 targets have been assumed to be titanium slabs of

thickness 126 um with a top implantation layer of thickness 126 nr. The

incident Co 57 radiation, after passing through a 178 um thick aluminum foil

has the following spectrum:

Gamma Ray Energy No. of Gamma Rays/100 Disintegrations

137 keV it

122 keV 88

14.4 keV

For calculating the intensity of Ti K-X-rays, the 126 uim *.hick_ titanium

slab has been subdivided into 30 layers, each 4200 rim thick. -he incident

radiation at the nth layer has been calculated as follows:

-^Ij0.00042(n-1)^

In,Y1 = I0,1 e

where I i represents the intensity of the respective ga:cma rav in the
o,

incident spectrum, w  (in units of cm- I ) equals total atten::ation coeffi^.ior.t

for the ith gamma component (14.4 keV, 122 keV, or 137 keV radiation). The

number of target atoms excited in the nth layer, N (excited), has been
n

calculated as follows:

10
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Nn (excited) = E N  
G  

In,y	 (2)
i	 i

wY.ere	 Nt = number of target atoms/cm2

a. = photoelectric cross section of the ith radiation

I	 = number of ith radiation photons per cm 2.n,y i	—

Only the photoelectric cross sections of the radiations arriving at the nth

layer have been considered in calculating the Ti 1^-X-ray intensity in that

layer. A fluorescence yield, w k = 0.219 has been assumed for titanium. 3(d)

The nth layer Ti k-X-rays have to pass through overlying titanium layers

of thickness (n - 112) 14200 nm co reach the detector. The contributions from

the 30 layers are added for the three-component radiations of the incident

•	 field to obtain total theoretical Ti k-X•-ray intensity.

For calculating the intensity of iron k-X-r p.ys, the implantation zone

has been divided into six sub'_ayers of thickn ess 21 nm each. The respective

intensities of the three ccmponents of the incident radiation arriving at any

layer are calculated as before. As before, only the photoelectric cross

sections of the radiations arriving at any layer hive been considered in

calculating the Fe k-X-ray intensity. A fluorescence yield, w k = 0.342

has been assumed for iron. 
3(d) 

The Fe k-X-rays produced in the nth layer of

the implantation zone have to pass through the cverlying Fe .-Ti mixture of

thickness = (n - 112)21 nr. to reach the detector. Contributions from the

six layers are added to obtain total theoretical Fe k-X-ray intensity.

Fzom the calculated intensities of Fe k-X-rays and Ti k-:'-rays, R

values have been determined for each level of Fe implantation dose. These

11



R values have been compared with the ratio of the total number of courts

in Ti(k
(I
 + k 8 ) and Fe(ka + k^) peaks for each target. It Ms been assumed

that the detection efficiency of the i(Li) detector for the titaniur., and

iron X-rays is the same.

12
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