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SECTION I

INTRODUCTION

The need for lighter , higher strength structures makes it necessary

to develop new classes of materials such as composite and adhesively
bonded materials. The surface composition and morphology of these metals,

compounds and alloys are extremely important in their fabrication and use.
The surface composition of many alloys bears little resemblance to the

bulk composition. Segregation during heat treatment can result in surface

properties (either deleterious or beneficial) far different from the bulk .

Chemical treatments can selectively dissolve some components and not

others, which results in large changes in composition and pr operties.
Chemical treatments also can leave behind impurities both as combined
and adsorbed species. McDevitt and coworkers have shown such phenomena
for several aluminum alloys which were subjected to numerous chemical
treatments ( Ref.  1, 2). These aluminum alloys have been used extensively
with adhesive bonding for secondary structures and are projected for use
as primary load bearing members.  Unfortunately, aluminum alloys , pri-
man ly because of low melting points , do not possess the properties nec-
essary for advanced aerospace structures. Therefore,titanium and its

alloys because of lightweight , thermal stability and high strength have
been under development for aerospace applications . Conventional methods
of j oining titanium alloys such as welding, bolting and riveting are used ,

~~ but just as in aluminum alloys , the advantages of adhesive bonding make it
necessary to develop surface treatments for Ti which produce adhesive
joints which are strong and durable. Adhesive joints possess a more uni-
form stress distribution, are lighter, and are better sealed against corro-
sion than conventi onal joints .

I

V
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The requirem ent of oper at ion in excess of 2 50°F places a severe
burden on both the adhesive and the interfacial reg ion between the adhesive
and adherend in the joint. Joint failures under adverse conditions have
often been blamed on the adhesive but a recent study (Ref. 3) suggests that
the adherend surface may likely be the cause of failure in many cases .
Surface treatments have been developed to give opt imum bonding surfaces
which produce durable bonded joints. This involve s not only creating a
surface of the proper structure and roughness, but also of the correcl-
chemistry to ensure long time use under adverse conditions . It is there-
fore neces sary to be able to determine elemental composition and morpho-

- • logy for a surface following each surface treatment.  Certain treatments
may be used to strip off the natural oxide in preparation for a treatment
such as anodization , where the natural oxide is replaced by the anodic
oxide of carefully controlled thickness. Other treatments etch the surface

• to provide mechanical (hook and latch) attachment of adhesive to adherend.
Still others rep lace the natura l oxide with a chemica lly for med oxide or
conversion coa ting which is both bondable and durable.

• In addition, many surface treatments and conditions are applied to
titanium and its alloys for purposes other than adhesive bonding. For
example, surface hardening is used to improve wear and galling resistance.
Also, surfaces can be altered to produce improved appearance , to increase
stress-corrosion resistance, or to improve fatigue properties. These
alterations may be produced by gaseous diffusion, anodizing, metallic
alloying, electroplating, flame spraying, hot dipping, and other coating
methods. Alternatively, uncoated surfaces may be altered mechanically
by such processes as peening, tumbling, or rolling, or by the finishing
techniques of machining, grinding or chemical milling (Ref .  4) . -

•

In this work, we are investigating the effects on the surface of
several surface treatments on Ti (commercially puree Ti- 6Al-4V, and
Ti-8Mn. We are also looking at various structural aspects of titanium

_  

2
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oxides formed on the above materials. Finally, we are determ ining effects
of some surface  t rea tments on multiphase titanium alloys containing four
or more elements. In Part I of this report we showed results of commer-
cial treatments on Ti-6A1-4V (Ref. 5) and in Part II we showed surface

effects on th is same comm er cial alloy due to six labo rat ory t reatments
(Ref. 6). In this part of the report we show the effects of these same six
laboratory treatments on Ti-8Mn and titanium (c.p.).

3
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SECTION II

EXPERIMENTAL

1. EQUIPMENT

a. ISS/SIMS

The primary characterization instrument used was ion scattering

spect roscopy and seconda ry ion mass spectroscopy (ISS/SIMS). This dual

method uses a low energy ion beam ( 1-3 KeV) to probe the surface.  The

ISS (ion scattering spectrometry) method (3M Company, St. Paul , Minne-

sota) measures the energy loss when the probing ion scatters from the

outer~nos t atom layer at the surface .  The SIMS (secondary ion mass spec-

t ro met ry)  technique measures  the mass spectrum of the sputtered ions

which are removed from the surface by the p rimary ion beam. Advantages

and operating parameters were outlined in Part I (Ref .  5) and the experi-

mental setup was shown in both earlier reports (Ref s. 5, 6). Appendices

of mass and scattering informat ion  appear in th is par t of th e report and

were also included in Parts I and II (Refs. 5, 6) to aid the reader in spec-

tral interpretation.

b. AES
• - Auger electron spectroscopy (AES) is based on the process of radia-

tionless de-excitation of an excited atom by emission of electrons . This

• mechanism is often more probable than the radiative de-excitation by

emission of an x- ray.  For the matrix and alloy in g elements of concern

in this work , the Auger  electron yield per K electron vacancy is much

higher than for the other mechanism of de-excitation , x -ray  emission.

The instrument used and described in Part II (Ref. 6) is the Model 540

thin film analyzer (Physical Electronics , Inc . ,  Eden Pra i r ie , Minnesot a).

c. SEM

The scanning electron microscope (SEM) used in this work was the

Quikscan ( Coates and Welter  Corp. , Sunnyvale , California) .

4

~ 

• . ~--



I~~T~ ~ ‘T~~~~~~~~TT~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ 

-

AFML-TR-76-29 PART III

• 2. SURFACE CHEMICAL TREATMENTS

- 
There are a large number of commercial surface chemical treatments

available for titanium and titanium alloys. Five multistep commercial

treatments were described in Part I (Ref. 5). Since most of these chemical

• solutions have proprietary formulations, the chemical solutions used in

this study were relatively simple and were prepared in our laboratory.
- The solutions described in Table I represent a cross section of the chemis-
I try found in most commercially prepared solutions . All chemicals used

were of reagent grade quality.

IT 
~
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TABLE 1
Surface Chemical Treatments f or T itanium

And Titanium Alloys

Code Description Treatment

Degrease  Sample s lurr ied in acetone , wiped
dry, then ul t rasonically cleaned in
carbon tetrachioride for 5 minutes.

2 Alkaline Sample submerged in 0. IN sodium
hydroxide , room temperature for 2
minutes. Running tap H20 for 15
minutes , standing deionized H20 for
5 minutes.

3 HNO3/HF Sample submerged in a solution of
1 -~ 170m1 nitric acid , 3Oml hydro fluoric

acid , 800m1 dis tilled water , room
temperature for 2 minutes. Rinse
as in #2 .

4 Na3PO4/NaF/HF Sample submerged in a solution of
50g sodium orthophosphate, 9g
sodium fluoride , 26rn 1 h ydrof luor i c
acid , distilled water to 1 liter ,
room temperature for 2 minutes.
Rinse as in #2.

5 NH 4HF 2 Sample submerged in solution of
ammonium bifluoride (log / l i t e r )
room tempera ture  for  2 minutes.
Rinse  as in ~~2 .

6 H2SO4/Cr03 Sample submerged in solution of j -
l4Og sulfuric acid, 14g chromium t -:
acid , distilled water to 1 liter ,
room temperature for 2 minutes .
Rinse as in #2 .

6
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SECTION UI

RESULTS AND DISCUSSION

Parts I and II of th is se r ies of reports contain standard spectra and
charts of ISS and SIMS data which aid the reader in interpretation of spec-
tral data . In the interest of saving space some of this original reference
data has been omitted and only Appendix A (Ion Scattering Peaks) and

Appendix B (Isotopic Abundances) have been retained in this part of the
report.

1. EFFECTS OF SURFACE TREATMENTS ON Ti, c.p.

Figure 1 shows scanning elect ron micrographs of commercially

pure titanium subjected to each of the treatments outlined in Table 1.
The number under each micrograph refers to the treatment number shown

in the table. The surface topographic features do not change appreciably
with treatment except with number fo ur which is markedly different from
the others . As will be shown later, this surface also exhibits surface

chemical differences compared to the other samples.

Figures 2 through 13 show ISS, + SIMS and AES data for commt~ cial

titanium subjected to each surface treatment. As can be seen from F~Lgures
2 and 3 ( f rom deg r eased samples) th e commercial t itanium has numerous

impurities , notably chromium , which is a bulk impurity but of higher con-

centration at the surface. Appendices C and D show the Auger electron

spectra from an equilibrium sputtered surface, 11ESS’t , for Ti, c.p. and

Ti-8Mn respectively, for comparison with the data from treated surfaces.

The equilibrium sputtered surface represents a surface sputtered with an

inert ion beam until all spectral changes cease. It is recognized that this

is an artificial surface state, but it is one which can be reproduced for

reference purposes from laboratory to laboratory.

II -The ISS spectra shown in the figures are very sensitive to changes in

oxygen/titanium stoichiometry and indicate except for treatment four that

7
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the surface is covered with a Ti02 coating . Oft en little info r mat ion on
alloying and impurity elements is given in ISS spectra because most of the

elements of interest are obscured in the tails of titanium and oxygen. In

addition titanium is one of the elements which exhibits severe low energy

tailing due to unexplained non-binary scattering events . Because of these
limitations for some materials, SIMS is an ideal complementary tool for

use with ISS. In addition to separating each of the impurity and alloying

elements, certain ‘fingerprint” spectral features give some information

about chemical combination . Also , the ability to distinguish isotopes by
the method allows doping the surface with enriched species.

Figures 4 and 5, spectra from alkaline washed specimens , show

that many of the surface impurities have been removed. The surprising ly
large carbon peak seen in the AES data cannot be explained except by con-

tamination during or following surface treatments . The AES data repre-
sents spectra from the surface before any sputtering took place. The

ubiquitous nature of carbon and the ext remely hig h sensitivity of AES for
that element account for its appearance in all spectra shown here.

Figures 6 and 7, spectra from HNO 3/HF acid etched samples illus-
trate the usefulness of using complementary surface spectroscop ies rather

than relying on only one method. The SIMS data shows, for instance , the

presence of fluorine on the surface, while the AES data shows no indication

of fluorine. SIMS spectra in the AES chamber taken before the electron
beam is turned on also show fluorine. As soon as the electron beam is

- 
• energized the mass 19 peak representing fluorine drops rapidly. RGA

(residual gas analysis) spectra show a rapid increase of fluorine in the
gas state when the electron beam is turned on. The high yield in + SIMS
of F+ cannot be adequately explained since one would expect fluorine to

prefer to be negatively ionized. The appearance of electron desorption of
fluorine occurs only with certain treatments . Certain other treatments

leave fluorine on the surface, the fluorine is not desorbed , and fl uori ne

8
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appears in the Auger spectrum . Such phenomena probably indicate that

fluorine exists in different samp les in different chemically combined or
uncombined states. Since this etch is used as a part of a number of treat-
ments to expose fresh alloy for further treatment, it is important to know

the surface chemical state following this etch. AES profiles, which are
obtained by measuring AES peak heights as the surface is sputtered away,

sh ow oxide th ickness to be slightly less than the natural oxide formed
during processing as will be shown later.

- .4 Figures 8 and 9, spectra from Ti, c.p. exposed to treatment 4,

exhibit characteristics completely unlike spectra from all other surface

treated specimens . Figure 1 shows that the surface morphology of this

surface is also unique. This treatment is similar to the phosphate-fluoride
commercial treatment which reportedly forms a homogeneous oxide of the
anatase structure, a metastable phase which has a slightly simpler more
random structure, As we suggested in Part II (Ref. 6), perhaps the anatase

structure is stabilized by impurity ions . Destabilization and reversion to the
rutile structure could occur with outside stimuli such as heat or under

operating conditions of heat and humidity. Such a reversion is accompanied
by a change in cell volume of about eight percent which presumably would
be destructive to good adhesive bonding. An important feature ..een in
the spectra of specimens treated by No. 4 is the presence of fluorine in
ISS, SIMS and AES data. The stability of fluorine in this specimen com-
pared to the instability seen in the samples treated by No. 3, adds further
credence to the idea of fluorine occurring in more than one ch~ nics1 state
in the coatings formed on titanium by chemical treatments.

Figures 10 and 11 show spectra from specimens subjected to treat-
ment No. 5, NH 4HF 2 . The ammonium bifluoride treatment provides a
reactive solution to titanium in the pH 5 region , creating an oxide film
similar to several other treatments . Ammonium bifluoride on the other
hand , produces an unusual surface on aluminum alloys and will be discussed
later. —

— 9
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Figures 12 and 13 depict spectra obtained from specimens treated by
F- - the acidic solution containing H

2S04 and Cr03.

Special care must be taken to ensure that solutions do not contain

L impurity ions, particularly copper , which will deposit on the surface
during etching. Figure 14 shows scanning electron micrographs of a samp le

r etched by fresh HNO3/HF solution in 3a, and by HNO 3/HF solution previously
used for 2024 aluminum alloy in 3b. The light colored material virtually
obsc uring the surface in 3b is primarily copper as shown by the ISS data
seen in Fig. 15. The effect on both surface chemistry and surface morpho-
logy seems to depend only on the copper present and not on other ions.

4 Figure 16 shows ISS data for Ti, c.p. treated with HNO
3
/HF to which

metallic copper was added (a) and to which 2024 aluminum was added (b).
The spectra are virtually identical. The ISS data provide unmistakable

identification of copper. Such unambiguous results may not be obtained

using only SIMS as shown in Fig. 17. Here the Cu isotopes (63 and 65)
occur at the same nominal mass as 47

Ti 
16
0 + and 49

Ti 
i6~ ~~

. In addi-
tion, 

48T1 16~ ‘H + also appears at nominal mass 65.

None of the treatments described here which leave the surface

covered with a simple oxide seems to build up a thick layer. Each is of
the same order of magnitude as the oxide present on the as received

material. Figures 18 and 19 show elemental profiles obtained using Auger
electron spectra for the original degreased surface and one treated with
HNO

3
/HF. Both samples were sputtered with 

4O
Ar + under the same con-

ditions. The vertical mark on the time axis represents the start of sput-
tering. The gradual build up of carbon before sputtering is begun, is
probably real, resulting from mi gration of carbon from the bulk to the sur-
face upon heating of the surface with the electron beam. Fi gure 20 is a
similar profile for as received Ti-8Mn and shows an identical oxide thick-
ness compared to Ti, c.p.
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2. EFFECTS OF SURFACE TREATMENTS ON Ti-8Mn

Figure 21 shows scanning electron micrographs f or specimens treat ed

by each preparation described in Table 1. A s can be seen, the surface

morph ology of 1, 2, 3,and 6 are similar and 4 and 5 are individualistic .

All have a different appearance compared to the same treatments on Ti

c.p. (Fig. 1) and Ti-6A1.-4V (Ref. 6).

Figures 22 through 33 are ISS, SIMS,and AES data for Ti-8Mn sub-

jected to the surface treatments outlined in Table 1. Spectra are shown

for reference purposes for future work but separate results will not be

discussed.

11 
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SECTION IV

CONCLUSIONS

The combination of the four surface characterization methods used
here allows changes in morphology (SEM) and elementa l chemistry ( 1SS,
SIMS, AES) to be effectively followed. From the elemental analysis stand-
point , SIMS is especiall y sensitive to many of the elements commonly found
in chemical treatments and complements both ISS and AES. This informa-
tion will be useful for future r eference in an experimental program on
bondabili ty and durability of titanium and titanium alloy surfaces .

12
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Figure 1. Scanning Electron Micrographs of Ti (c.p . ’
~

Exposed to Treatments of Table I.
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Figure 14. Scanning Electron Micrographs of
Ti, c.p. Treated with Fresh HN 0 3 mF
(Treatment 3) 3A , and “Old” Solut’-on
Previously used for 2024 Alurninutn Alloy.
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Figure 16. ISS Data for Ti, c.p. Treated wi th Treatment 3
to ~hich Has Been Added Metall ic  Copper (al and
2024 Aluminum Alloy (b). 
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ELE MENT E/E 0 (at 0 = 900)

• Z A 3He 4He 20 Ne 40Ar

: 1  1 1,0 H- 
I 2 4,0 He ,143 0 — —  — —

3 6.9 Li .393 •266 —— ——
4 9.0 Be .500 .385 —— ——

- - 5 10.8 B .565 .459 —— — —

6 12.0 C .600 .500 ——
7 14.0 N .647 .555 —— — —

8 16.0 0 .684 ,600 —— ——

9 19.0 F .727 .652 — —  ——

10 20.2 Ne .741 .669 .005 ——
11 23.0 Na .769 .704 .070 ——

12 24.3 Mg .780 .717 .097
-- I 13 270 Al .800 .742 .149 ——

14 28.1 Si .807 .751 .168 ——

15 31,0 P .824 .771 216 — —

16 32.1 S .829 .778 .232 — —

17 35.5 Cl .844 .797 .279
18 39.9 Ar .860 .818 .332 —-

19 39. 1 K .857 .814 323 ——

— 20 40.1 Ca 
— 

.86 1 .819 334 .00 1
21 450 Sc .875 .837 385 059
22 47.9 Ti .882 .846 411 090
23 509 V .889 .854 .436 .120
24 52.0 Cr .89 1 .857 444 130
25 549 Mn 896 .864 466 

- . 157
26 558 Fe .898 .866 .472 .165
27 58.9 Co 903 .873 .493 .191
28 58.7 Ni .903 872 492 .189
29 63.5 Cu 910 .881 521 227
30 65.4 Zn

_____ 
.912 885 .532 241

31 69.7 Ga T~~T~~~~~~8~T~~~ .554 
- 

271
32 72.6 Ge 921 .896 568 290
33 74.9 As 923 899 578 304
34 79.0 Se 926 904 596 328
35 79.9 Br 928 .905 600 .333
36 83.8 Kr ~~~~~~~~~~~~~~~~ .61 5 3~-,4 - - --

37 85.5 Rb .932 911 621 363
38 87,6 Sr 934 913 .628 .373
39 88.9 V .935 914 633 379
40 91.2 Zr .936 .916 640 .390
41 92.9 Nb ’ .937 .917 646 ~98
42 95,9 Mo .939 .920 655 .411
43 99 Tc 941 .922 6 4 4  424
44 101.1 Ru .942 924 670 433
45 102.9 Rh 943 925 615 440 

-~~~~~

46 106.4 Pd .945 .928 684 454
47 107.9 Ag .946 .929 387 -459
48 112.4 Cd .948 931 -98 475
49 114.8 In 949 .933 703 483

118.7 Sn Q51_ ..92.! “7 4’U I
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11 A — 1 2 3 4 5 6 7 8 9 t O II 12 13 14 15 16 17 18 19 20
1 H 99 9 01
2 He — — — 00
3 Li — — — — — 7 4  926
4 Be — — — — — — — — IOU
5 8 ~~~~~ - — — — — — 1 8 3 81 7
6 C — — — — — — -—— —--- —-- - - — — 9 8 9 1 4
7 N — — — — — ---—— — - - — — — — — — — — — — — 9 9 6 04

-1 8 0  398 00 4 020
9 F — — -- —~oo
10 Ne — — — — —— - — --— —-- —— — — —  — — 9 0 9
14 A - 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 31 38 39 40
10 (Ne) 03  8 8
11 Na — — 100
12 Mg — — — / 8 6  1 0 4  13
13 Al — — — — — — 00
14 Si — ---- — — — — — — 9 2 2 4 7  3 1
15 P — — — - - - —— — — — — — i oo
16 S — — — — — — — —— — — —9 5 0 3 8  4 2  002
17 CI — — — - — — — — — 155 245
18 Ar — — — — — — — — —  — 0 3 4  006  0 96
19 IC — --—- — 9 3 1 0 0 1
20 Ca — — p 7 0

14 A 41 42 43 44 45 46 41 48 49 50 51 52 53 54 55 56 57 58 59 60 

20 Ca — 0 6  0 4  2 1  003 0 2
21 Sc — ——— — — l o o
22 Ti — — — — — 8 0  7 3 140 5 5  5 2
23 V — — —  — — — — — — — — 0 3  9 9 7
24 ‘Cr — — —  — — — — — —7 3  838 9 6 2 3
25 M~ — — - — - -— —— -- - — — — — — — io o
26 Fe — — — — — — — — — — — — — 58 9 4 7  2 2  03
27 Co — — — - —— — - - — — 

28 Ni — — — — — — - — — —  ~i s 262

14 A 61 62 63 64 65 66 61 68 69 10 11 72 73 74 75 16 71 78 79 80
28 (Ni) 2 3 8  — — — — —

29 Cu — — 309
30 Zn — — — 4 8 9  2 18  4 4  8 5  0 6
31 Ga — — — — — — — 6 0 5  395
3 Ge — - — — —— 20 5 2 7 4 7 7 36 7 7 7
33 As — —  — 400
34 Se — —  0 9  90 7 6 23 5 498
35 Br —- -—-— — — — — —  — — — -- 5 0 6

• 36 Kr — —~~~~~~~~~~~~~~~~~~~~~ — — — J 4  2 3
14 A 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100

34 (Se) — 9 7
35 ( Br) 4 9 4
36 (Kr) — 1 1 5  1 1 1  569 17 4
37 Rb — — — — 7 7 2  2 7 8
384 Sr — — — 0 8  9 9  7 0  b~~S
391 V 100
40 Zr - 5 1 5  i i ?  1 7 1  1 1 4  2 8
4! Nb ~~~~~~— -—.- IOU
42 Mo — — — 5 9  9 ’  15 7  165  9 5  2 3 7  96
43 Ic l7 f l4 S 8010 CCV R IdATU R~ t LY
44 Ru I I I — — — —— — — — — - — — — 5 6  l 9 l 7 1 l~~6
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APPENDIX C

- Auger Electron Spectrum, 0-1000 eV, from an
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Equilibrium Sputtered Surface, ‘1ESS” ,

of C ommercially Pure T itanium
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Auger Electron Spectrum , 0-1000 eV , f rom an
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