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ABSTRACT 

The use of perchloroethylene (perc) as an ingredient in coolants 
f o r  machining enr iched uranium a t  the  Oak Ridge Y-12 Plant has been 
discontinued because of environmental concerns. A new coolant was 
subst i tu ted i n  December 1985, which consists of an aqueous solution of 
propylene glycol  w i th  borax (sodium tetraborate) added as a nuclear 
poison and w i th  a n i t r i t e  added as a corrosion inhibi tor .  

Uranium surfaces machined us ing the  two coolants were compared w i th  
respect t o  residual contamination, corrosion o r  corrosion potential, and 
surface morphology. Corrosion resistance of  enr iched uranium machined 
w i th  the  aqueous propylene glycol-borax coolant was found t o  be bet ter  than 
t h a t  of enr iched uranium machined w i th  the perc-mineral o i l  coolant. 
The boron residues on the  f inal-f inished p a r t s  machined w i th  the  
borax-containing coolant were not suf f ic ient  t o  cause problems in  
f u r t h e r  processing. All evidence indicates that the  enr iched uranium 
surfaces machined w i th  the  borax-containing coolant wi l l  be as satisfactory 
as those machined w i th  the  perc coolant. 
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SUMMARY 

Beca u se of  en v i ron  me n t a  I concern s, perch lo roet h y le ne ( pe rc )  was 
eliminated as an ingredient in coolants used f o r  machining enr iched 
uranium a t  the  Oak Ridge Y-12 Plant. A subst i tute coolant consist ing 
pr imar i l y  of an aqueous solution of propylene glycol and borax was 
formulated. The changeover t o  the  new coolant occurred i n  December 1985. 
Thus, it i s  imperative t o  characterize uranium surfaces t h a t  have been 
machined w i th  th is  new coolant and t o  compare them wi th  those machined 
w i th  the  former ly  used coolant w i th  respect t o  residual contamination, 
corrosion o r  corrosion potential, and surface morphology t o  ensure tha t  
p roduc t  qual i ty  and f i tness f o r  use are not endangered. 

e 
L. 

? 

Enr iched uranium machined w i th  the  aqueous propylene glycol-borax 
coolant was found t o  be more corrosion resistant than enr iched uranium 
machined w i th  the  perc-mineral o i l  coolant. The boron residues on the  
f inal- f in ished p a r t s  machined w i th  the  borax-containing coolant are not 
suf f ic ient  t o  cause problems in f u r t h e r  processing. A l l  evidence indicates 
t h a t  the  enr iched uranium surfaces machined w i th  the  borax-containing 
coolant wi l l  be as satisfactory as those machined w i th  the  perc coolant. 
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INTRODUCTION 

J 

The use of  perchloroethylene (perc) as an ingredient i n  coolants f o r  
machining enr iched uranium a t  the  Oak Ridge Y-12 Plant was discontinued 
i n  December 1985 because of environmental concerns. A subst i tute coolant 
has been formulated and implemented. This  coolant consists of an aqueous 
solution of  propylene glycol (50-50 by volume) w i th  90 g /L  of  borax 
(sodium tetraborate) added as a nuclear poison, 1000 mg/L of a n i t r i t e  
added as a corrosion inhibitor, and 10 mg/L of azure blue dye added as a 
visual ident i f ier .  Thus, it i s  imperative t o  characterize uranium t h a t  
has been machined w i th  th is new coolant and t o  compare it w i th  uranium 
machined w i th  the  old coolant w i th  respect t o  residual contamination, 
corrosion o r  corrosion potential, and surface morphology t o  ensure t h a t  
p roduc t  qual i ty  and f i tness f o r  use are not compromised by the  coolant 
change. Of part icular interest  are the  contamination and oxidation of 
surfaces t h a t  receive additional processing a t  the  Rocky Flats Plant. 
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CHARACTERIZATION OF URANIUM SURFACES 

PRESENTATION OF EXPERIMENTAL WORK 

The experimental work encompassed f i ve  major divisions: (1) surface 
contamination, w i th  the  major emphasis on the  determination of  boron 
residues; (2) characterization of  the  oxide and amount o f  oxide 
formation under  normal conditions af ter  machining; (3) characterization 
of  the  surface morphology and local corrosion of the machined uranium; 
(4) accelerated corrosion testing; and (5) coolant characterization. 
For each of these divisions, p a r t s  were machined i n  a normal manner w i th  
product ion and inspection resident times consistent w i th  histor ic 
product ion experience. Par t s  machined w i th  the  perc coolant were 
compared w i th  p a r t s  machined w i th  the  new boron-containing coolant. 

Five of the  test  p a r t s  were packaged and sent t o  the  Rocky Flats 
Plant f o r  evaluation fol lowing cert i f icat ion. These f i ve  p a r t s  were 
exceptions in t h a t  the  time spent a t  Warehouse 5 was reduced t o  2 d. A 
s ix th  p a r t  t o  simulate these was c u t  in to  samples and coupons a t  the  
shipment date. Two each of  the  test  and product ion p a r t s  were unpacked 
and  c u t  in to  samples af ter  fol lowing the  schedule shown i n  Table 1. 
Four product ion pa r t s  and three test  p a r t s  were unpacked, cleaned w i th  
l , l , l - tr ichloroethane (used a t  Rocky Flats fo r  cleaning these par ts  
before storage), repacked in  plast ic bags f rom Rocky ,  Flats, and stored 
on the  high-r ise storage racks i n  Bu i ld ing  9215 a t  Y-12. Two each of  
these were randomly selected and c u t  in to  samples af ter  1 month of  
storage. The remaining th ree  p a r t s  wi l l  be stored f o r  6 months before 
being c u t  in to  samples. 

Table 1. Average resident times for H-Wing part. 

Average 
resident 
time 
(d) 

! 

H- 2 inspection 3 
9212 radio 4 
M-Wing dispatching (certify availability) 3 
Quality liaison (certify) 4 

Total time after M-Wing final-finish 45 

M-Wing dispatching (cleaning and packing) 14 
Warehouse 5 17 

machining 

machining 
Range of total time after final-finish 29-55 

Shipping to Rocky Flats 3 
Time before unpacking 1 
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Table 2 is a summary o f  t he  pa r t s  and treatment history. 

Table 2. Summary of parts and treatment history 

c Part Treatment Coolant 

5715 Same as Rocky Flats test parts 
(standarda minus 15 days in 
Warehouse 5) 

5692 and 5713 Standard 
5725 and 5726 Standard 
5720 and 5722 Standard plus 1-month storage in 

5730 and 5733 Standard plus 1-month storage in 

5727 Standard plus 6-month storage in 

5739 and 5740 Standard plus 6-month storage in 

Rocky Flats bags 

Rocky Flats bags 

Rocky Flats bags 

Rocky Flats bags 

Boronb 

Boron 
PercC 
Boron 

Perc 

Boron 

Perc 

Note: Parts 5597, 5700, 5701, 5717, and 5721 were shipped 
to the Rocky Flats Plant. 

aResident times as given in Table 1 (total handling plus 
storage time of 45 d). 

bAqueous solution of borax and propylene glycol. 
CPerc-mineral oil. 

SURFACE CONTAMINATION 

Boron 

A pr ime reason for t h i s  s t u d y  was to determine if the  new coolant 
l e f t  detr imental residues o r  residues t h a t  migh t  be  construed as 
detrimental, part icularly boron, on the  surfaces o f  t he  completed parts. 
Thus  machine tu rn ings  or chips f rom the  f i r s t  0.005 in. o f  t he  surface 
were collected f rom the  mouth, 4 5 O ,  and pole areas on both  the  inner  
contour (IC,) and outer  contour (OC) o f  t he  par ts  (Fig. 1). Enough ch ips 
were collected to  make a t  least 6 9, and t h e  surface area sampled was 
measured. These chips were then sent t o  the  Y-12 Plant Laboratory f o r  
dissolut ion and boron analysis by induc t ive ly  coupled plasma emission 
spectroscopy ( I CP). 

Bulk boron concentrations in the  enr iched uranium were obtained f rom 
chips o r  t u rn ings  f rom t h e  debrimming o r  t he  face and step procedure; 
these concentrations were used as baseline data f o r  t he  determination o f  
surface boron by ICP analysis. The  debrimming procedure is performed 
before semifinish machining and was done using the  pe rc  coolant. 
Table 3 shows these data. 
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PART I. D. 

Y-DWG 85-1 196 

COUPONS TO BE CUT FROM EACH PART 

POLE AREA 
I 
I 

SAMPLE 1. 

SAMPLE 2. 

SAMPLE 3. 

SAMPLE 4. 

SAMPLE 5. 

SAMPLE 6. 

SMEAR 

MOUTH AREA 

SAMPLING AREA 

ONE 0.7-in. DISK FROM EACH OF THE THREE LOCATIONS FOR 
IMMA AND SEM ANALYSIS 

CHIPS OR TURNINGS (5 g) CUT FROM THE FIRST 0.005 in. 
OF THE OC SURFACE AT EACH OF THE THREE LOCATIONS 
FOR ICP-SPECTROSCOPIC ANALYSIS 

CHIPS OR TURNINGS (5 g) CUT FROM THE FIRST 0.005 in. 
OF THE IC SURFACE AT EACH OF THE THREE LOCATIONS 
F 0 R I CP-SP ECT R OSCOP I C ANALYSIS 

ONE 0.75-in. DISK FROM EACH OF THE THREE LOCATIONS FOR 
ESCA ANALYSIS 

ONE 1.3-in. DISK FROM EACH OF THE THREE LOCATIONS FOR 
ACT ANALYSIS 

2.4-in. DISKS. CUT AS SELECTED BY S. S. CRISTY 

Fig. 1. Coupons to be cut from each part. 

Table 3. Bulk ICP data from debrimming operation 
(Values are parts per million by weight.) 

Part B C Cr A 1  Mn Cu Mo Fe Si Ni 

5725 0.36 375 10 20 10 10 50 100 175 30 
5726 0.29 379 20 20 10 10 50 100 200 20 
5730 0.25 420 20 20 10 10 60 100 200 22 
5733 0.41 396 20 30 10 10 50 100 200 30 
5739 0.44 377 20 20 15 10 60 100 200 40 
5740 0.42 383 20 20 15 15 50 100 175 40 

Average 0.36 388 13 22 13 11 53 100 192 30 
20.08 

The boron measurements from a second set of data varied more widely 
than those of this set and were not considered reliable. The boron in 
the substrate or bulk uranium may not be very homogeneously distributed, 

c 
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t h u s  leading t o  erroneous corrections when reduc ing  the  ICP d a t a  t o  
determine surface boron f rom chips. The  value of 0.36 ppm o f  boron in 
the  uranium substrate was used t o  calculate the  surface boron by 
difference. 

Table 4 summarizes t h e  amounts of surface contaminant boron as 
determined us ing  chip d a t a  f rom the  boron coolant-machined parts. The  
stat ist ical  F tes t  applied to these data indicated t h a t  t h e  quan t i t y  of 
I C  surface boron was s ign i f icant ly  greater than the  quantity o f  OC 
surface boron. T h i s  same tes t  indicated t h a t  t h e  dif ferences observed 
between pole, 4 5 O ,  and mouth positions were also significant. On the  
IC, boron increased in the  o rde r  of pole, 45O, mouth, whereas on the  OC, 
the  o rde r  was reversed (Fig. 2). 

Y-GA 86-951 

I I I 
POLE 45" MOUTH 

Fig. 2. Surface boron from 
chip data as a function of 
location. 

Ch ip  data were collected f rom only one of the  perc-cut  parts-part 
5725, which had the  standard handl ing treatment. The  chips f rom the  six 
locations on th i s  p a r t  averaged 0.29 f 0.05 ppm, less than the  0.36 ppm 
found  for the  bulk uranium (Table 3). Thus, t he  surface boron can only 
be  said t o  be  below our l imits o f  certif ication. 

As  can be  seen f rom Table 4, determination of boron by chip 
dissolut ion and ICP analysis yields d a t a  that  v a r y  greatly. The  probable 
cause is  a s ign i f icant  but inhomogeneously d i s t r i bu ted  quan t i t y  o f  boron 
in the  base uranium. To circumvent th i s  inhomogeneity and obtain a n  
independent measure of  t h e  surface boron, two 6-cm-diam d isks  were cut 
f rom each p a r t  and acid leached t o  remove a t h i n  layer o f  t he  surface and 
t h u s  the  boron residues. Boron and uranium in the  leachant were 
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Table 4. Chip data determination of boron residues 
on part surfaces from boron cuolant-machined parts 

~~~ ~ 

Part Treat men t 
Boron 

(ngicm2) Surface 

571 5 

571 5 

Same as Rocky Flats 
test parts 

Average 

Same as Rocky Flats 
test parts 

5715 

5692 Standard 

Average 

Average 

Average 

5692 Standard 

5692 

5713 Standard 

Average 

Average 

Average 

571 3 Standard 

5713 

5720 

5720 

5720 

5722 

5722 

5722 

Average 

Average 

Standard plus 
1-month storage in 
Rocky Flats bags 

Average 

Standard plus 
1-month storage in 
Rocky Flats bags 

Average 

Average 

Standard plus 
1-month storage in 
Rocky Flats bags 

Average 

Standard plus 
1-month storage in 

,Rocky Flats bags 
Average 

Average 

Grand averages and standard 
deviation 

8.4 
43 
36 
29 

27 
6.3 
0 

11 

20 

24 
42 
34 
33 

7.7 
20 
18 
15 

24 

36 
31 
46 
38 

45 
10 
14 
23 

30 

24 
28 
57 
36 

3.5 
0 
2.8 
2.8 

19 

0 
0 
1.1 
0.4 

0 
0 
0 
0 

0.2 

27 f 15 
10 f 9 
19 f 15 

IC pole 
IC 45" 
IC mouth 
IC 

OC pole 
oc 45" 
OC mouth 
oc 

oc + IC 

IC pole 
IC 45' 
IC mouth 
IC 

OC pole 
oc 45" 
OC mouth 
oc 

oc + IC 
IC pole 
IC 45" 
IC mouth 
IC 

OC pole 
oc 45" 
OC mouth 
OC 

oc + IC 

IC pole 
IC 450 
IC mouth 
IC 

OC pole 
oc 45" 
OC mouth 
oc 

IC + oc 

IC pole 
IC 45" 
IC mouth 
IC 

OC pole 
oc 45" 
OC mouth 
oc 

oc + IC 

IC 
oc 
IC + oc 
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determined by ICP spectrographic analysis. Th i s  method of sample 
preparat ion does not remove enough substrate o r  bulk uranium for the  
boron f rom th i s  source to be  analyt ical ly significant. A minor drawback 
is t h a t  ICs a n d  OCs are not  separated by th i s  method. In Table 5, the  
resul ts  a re  compared w i th  t h e  sums of t h e  I C  and OC boron as determined 
f rom the  chip data. 

Table 5. Average boron residues fo r  part  surfaces 
(IC + OC) determined f r o m  surface chips and 

f rom acid leachings 

Boron (ng/cm2) 
Part Acid leaching Surface chips Coo 1 ant 

5715 
5692 
5713 
5720 
5722 
5727 
5725 
5726 
5730 
5733 
5739 
5740 

Average 
Average 

12 
19 
16 
16 
13 
16 
ND 
<7 
<3 
<3 
<3 
<3 

15 f 3 
LDL 

20 
24 
30 
19 

NDa 

ND 
ND 
ND 
ND 
ND 

0.2 

L D L ~  

19 f 15 
LDL 

Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Perc 
Perc 
Perc 
Perc 
Perc 
Perc 

Boron 
Perc 

aNot determined. 
bLess than detection limit. 

Since a nondestruct ive technique for determining boron residues on 
surfaces would be  desirable, a smear sampling method was t r ied.  A 
47-mm-diam cellulose acetate Mil l ipore f i l t e r  was found t o  be  tough 
enough t o  wi thstand vigorous hand scrubb ing  of a p a r t  surface and was 
chosen for use over  a Whatman f i l ter ,  which crumbled w i th  the  same 
treatment. The  f i l t e r  was wet w i th  triply d is t i l led water, and an area 
o f  -123 cm2 was scrubbed w i t h  th ree  f i l ters .  Approximately 20 mL of 
th i s  water was used to ,rinse the  scrubbed area and was collected w i th  
t h e  f i l t e r  papers. The  f i l t e r  papers were then  digested, and t h e  boron 
in the  solutions was measured by ICP. 

It was also o f  in te res t  to determine whether boron residues on 
semifinish surfaces were comparable to those on f ina l  f inishes and 
whether OCs were comparable to ICs. T h e  boron on the  semifinish ICs of 
11 boron coolant-machined pa r t s  averaged 52 mg/cm2 w i t h  a standard 
deviat ion of f57 ng/cm2. On the  pe rc  machined parts, boron averaged 
<8 ng/cm2. On the  f ina l - f in ish surfaces, which included OC smears on 
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t he  f i v e  Rocky Flats pa r t s  and I C  and OC smears on the  o ther  
coolant-machined pa r t s  and on the  s ix  pe rc  coolant-machined 

si x boron 
parts, a l l  

boron determinations were, below the  detection l imi t  o f  -8 ng/cmL. 

To determine the  effectiveness of the  smearing technique f o r  
f ina l - f in ish determinations, a 6-cm-diam coupon was cut f rom each o f  two 
smeared and two  nonsmeared areas of two  pa r t s  and acid leached. The  
resul ts  f o r  smeared and nonsmeared were v i r t u a l l y  identical. If one 
should be  able t o  d is t inguish detection l imi t  dif ferences a t  these low 
levels ( three to f i v e  times the  detection limit), then the  smearing 
technique used can be no more than 30% ef fect ive in removing boron f rom 
the  f ina l - f in ish surfaces. 

? 

It was thought  that possibly the  oiling treatments received a f te r  
f ina l  f in ish ing  created a b a r r i e r  to the  water sc rubb ing  treatments and 
t h u s  reduced the  effectiveness of the  smearing. T o  tes t  t h i s  hypothesis, 
mixtures o f  acetone and water or acetone, water, and a sur factant  were 
used as the  solvent medium for scrubb ing  the  surface w i th  po lyv iny l idene 
f luor ide  Mil l ipore f i l ters .  Acetone and sur factant  were added to help 
dissolve any  residual oils. (The t y p e  of f i l t e r  was changed t o  be  
compatible w i th  t h e  acetone.) Th ree  boron coolant-machined parts, 5715, 
5713, and  5692, were scrubbed on und is tu rbed por t ions of the IC with 
these solutions. T h e  boron removed was s t i l l  below t h e  detection l imi t  
of -8 ng/crn2. Thus  if a nondestruct ive method i s  needed in the  f u t u r e  
for determining these v e r y  low levels of boron residues on f in ished 
parts, additional development work  w i l l  be  required. 

I 

In summary, t h e  boron residues on the  f ina l - f in ish machined pa r t s  
were qu i te  low. In each case t h e  boron levels were close to t h e  
detection l imits f o r  t h e  v e r y  sensitive ICP spectrometer. By acid 
etching, considered the  most reliable of the  techniques, t h e  t o t a l  boron 
residues were found  to be  15 2 3 ng/cm2. The  use of chips resul ted in 
problems, but the  ne t  resu l t  of 19 2 15 ng/cm2 substantiates the  acid 
e tch ing  results. T h e  chip data indicate t h a t  t he  IC surfaces average 
somewhat more boron than  found on t h e  OC surfaces. Overall, t h i s  level 
of boron  is  not considered to be  a problem for the  processing done a t  
t h e  Rocky Flats Plant. 

General Surface Contamination 

General surface contamination was surveyed by secondary ion mass 
spectrometry (SIMS) and by electron spectroscopy for chemical analysis 
(ESCA). I nne r  and outer contours o f  a l l  samples were analyzed w i th  
SIMS, and al l  inner  contour surfaces were analyzed w i th  ESCA. A n  
Appl ied Research Laboratories (ARL) ion microprobe mass analyzer (IMMA) 
ut i l ized a 20-keV N2' p r imary  ion beam for al l  SIMS analyses. The  
McPherson ESCA 36 photoelectron spectrometer used A I  Ka radiat ion a t  
250 W (12.5 kV a t  20 mA) f o r  analyses. Jus t  p r i o r  to inser t ion in to  
e i ther  instrument, t h e  d isks  were f lushed w i th  Freon to remove the  
surface oil t h a t  had been applied a f te r  cutting t o  improve storage. 
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SlMS Studies 

A l l  SlMS secondary-ion spectra in t h i s  repo r t  are normalized t o  the 
most intense peak in the spectrum. All negative ion spectra are 
normalized t o  0-; posit ive ion spectra are normalized t o  UO+ except f o r  
t h e  mass spectrum in Fig. 3, in which the most intense peak is U02+. 
Outer  contour spectra tended to be more intense due to geometry effects 
o f  the cu rved  surfaces. 

Positive secondary-ion spectra f rom t h e  mouth area of p a r t  5715 ( l ike 
Rocky Flats test  parts)  are shown in Figs. 3(a) t h rough  4(c). A large 
number o f  elements are observed on these surfaces including H, Li, B, C, 
0, Na, Mg, AI, Si, P, CI, K, Ca, Ti, Cr, Fe, Mn, Ni, Co, Cu, Zn, Sr, Ba, 
Pb, and U. In general, the spectra of  the inside and outside surfaces 
were similar. There appeared t o  be a l i t t le  more boron on the  inside 
surface, which agreed w i th  the chip data above. (For perspective, 
remember the measured boron levels averaged 29 ng/cm2 on the I C  and 
11 ng/cm2 on the OC. Also, compare the ESCA spectrum on the IC surface 
in Fig. 13, which shows only uranium, oxygen, carbon, and traces o r  
minor peaks due t o  calcium and sulfur.) 

Negative secondary-ion spectra show those elements t h a t  preferent ia l ly  
f o rm negative ions. Figures 5 and 6 show the negative ion spectra f rom 
t h e  OC and I C  in the mouth area o f  p a r t  5715. Both show considerable 
oxygen, chlorine, carbon, and f luor ine on these surfaces. A l l  the peaks 
above mass 40 are combination peaks formed from some o f  these fou r  
elements and possibly hydrogen o r  nitrogen. No signif icant differences 
in the spectra f rom the mouth, 45O, and pole areas were found. Thus, 
t h e  secondary-ion spectra from the lat ter  two areas are not included. 

Figures 7(a) t h rough  8(c) show the posit ive secondary-ion spectra f rom 
t h e  OC and IC surfaces of standard treatment, boron coolant-machined 
sample 5713. These mass spectra are qui te  similar t o  those from p a r t  
5715. One difference, however, is  t he  presence o f  silver, seen in 
Fig. 7(b). Si lver was not seen on any of  the other spectra from the 5715 
o r  matching p a r t  5692 coupons. As w i th  p a r t  5715, boron was s l ight ly  
more intense on the I C  surface. 

The  negative secondary-ion spectra f rom p a r t  5713 are shown in 
Figs. 9 and 10. Again, oxygen, chlorine, carbon, and f luor ine are the 
dominant negative peaks. The OH peaks are relat ively higher and the 
chlorine, carbon, and f luor ine peaks relat ively lower on these standard 
treatment samples than on t h e  samples l ike those sent t o  Rocky Flats. 
This dif ference probably i-efiects the additional time t h a t  the standard 
samples had t o  adsorb moisture and t o  oxidize. 

The secondary-ion mass spectra f rom the surfaces of  the 
perc-machined par ts  are similar t o  those of the boron coolant-machined 
parts. The posit ive secondary-ion mass spectrum from the 45O I C  o f  
p a r t  5726 (standard treatment, perc-machined) is shown in Fig. 11. In 
comparing th is  spectrum wi th  tha t  of  i ts  counterpart  f rom a 
boron-coolant surface (Fig. 81, it is observed tha t  although the boron 
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level i s  lower in th is  spectrum, 
and the  general level o f  most 

it is not absent. Chlorine i s  higher, 
peaks i s  a l i t t le  h isher  w i th  some - 

exceptions, such as lead. F igure '12 shows the  negatiGe secondary-ion 
spectrum f rom the  same p a r t  5726 surface. This  surface appears t o  have 
a l i t t le  more chlorine b u t  less carbon and OH than i t s  counterpar t  shown 
in Fig. 10. 

A l l  o ther  perc-cut surfaces are similar to  these and  are not shown 
t o  avoid redundancy. Likewise, the  boron-coolant surfaces not shown 
are similar t o  the  s tandard  treatment surfaces shown in Figs. 7 
th rough  10. Overall, the differences i n  surface contaminants between 
the  perc-machined and- the  boron coolant-machined surfaces are not 
great. Some dif ferences observed were greater  boron, carbon, and OH on 
the  boron-coolant p a r t s  and greater  chlorine on the  perc-coolant parts. 

ESCA Studies 

Quali tat ive ESCA spectra, representative of  the  f i r s t  f i ve  d is t inct  
surface conditions l is ted i n  Table 2, are shown in Figs. 13 th rough 17. 
A l l  of the  qual i tat ive spectra were similar, w i th  major photoelectron 
peaks f rom uranium, oxygen, and carbon. Also, traces o r  v e r y  minor 
peaks from calcium and  su l fu r  were observed i n  a l l  spectra. I n  one o r  
two cases, sodium from the  boron coolant and chlorine f rom the  
perc  coolant were observed a t  v e r y  low levels. Low concentrations of  
boron, even if present, could not be dist inguished because of boron's 
small photoelectr ic cross section and  also because it would be obscured 
by a much st ronger  U(5p3/2) peak, which i s  wi th in  a few electron volts 
of t h e  main B(1s) peak. 

The O( ls) ,  U(4f), and C(1s) spectra were obtained f rom the  mouth, 
45O, and pole disks representative of a l l  seven surface conditions 
l is ted in Table 2. L i t t le  differences in the  spectra were observed among 
mouth, 45O, and pole. A l l  of t he  spectra f rom the  same photoelectron 
level are similar. There i s  some variat ion i n  in tens i ty  o f  the  peaks, 
b u t  consistency of  the  binding energies indicates t h a t  the  same  species 
are present  on a l l  surfaces. The O(1s) spectra show a t  least two 
d is t inct  peaks tha t  can be deconvoluted, us ing a Gaussian deconvolution 
routine, in to  peaks w i t h  binding energies of 531.6 2 0.15 and 
529.4 f 0.06 eV ( f l u )  w i th  a f u l l  w id th  a t  half  maximum (FWHM) (+la) of  
2.97 + 0.16 and 1.67 f 0.03 eV, respectively. Figures 18 and 19 compare 
the  O(1s) spectra on the  boron coolant-machined and perc-machined disks, 
respectively, a f ter  t he  standard t reatment (45 d) and af ter  6 months of 
storage (225 d). As storage time increases, the  O(1s) low-binding 
energy  (LBE) peak decreases and the  O(1s) high-binding energy (HBE) peak 
increases f o r  both coolants, b u t  the  changes are greater  f o r  the  perc  
coolant. The O(1s) LBE peak is  associated w i th  oxidic-type oxygen, 
while the  O(1s) HBE peak is attr ibuted, tentatively, by most 
investigators t o  be a hydroxy l i c - type  oxygen '** and dependent on the  
s u rf ace p r e  p a  r a t  ion and h i story. 
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The  binding energies o f  t he  U(4f) doublet are 390.4 f 0.13 and 
379.6 f 0.13 eV w i th  FWHM of  2.28 f 0.11 and 2.24 f: 0.09 eV. Figures 20 
and 21 compare the  U(4f) spectra on the  boron coolant-machined and 
perc-machined disks, respectively, a f te r  t he  standard treatment and 
a f te r  6 months o f  storage. The  U(4f) binding energies and the  shake-up 
satell i te s t ruc tu re  on the  HBE o f  t he  main peaks indicate uranium in the  
+4 oxidation state. As storage time increases, these spectra show a 
decrease in the  U(4f )  peaks and a s h i f t  toward  h igher  b ind ing  energies, 
ind icat ing a change toward h igher  oxidation states. 

A l l  binding energies are referenced t o  the  C(1s) level a t  284.6 e V  
and are the  averages o f  27 values. The  C(1s) peaks f o r  t he  boron and 
perc  coolants are shown in Figs. 22 and 23, respectively. Because 
l i t t le  change in the  carbon spectra is seen w i th  time, these f igures  
i l lus t ra te the  in tens i ty  changes t h a t  may be  observed a t  d i f f e ren t  
locations (pole, 45O, equator) on the  parts. Table 6 gives atomic 
concentrat ion rat ios t h a t  show t rends  i n  the  sample surface behavior. 
The re la t ive ly  low standard deviations in the  atomic ra t io  calculations 
show t h e  consistency o f  t he  analyses w i th in  a par t icu lar  surface 
condition. These d a t a  show several trends: 

1. The O( ls ) /U(4 f )  rat ios f o r  t he  boron-cut pa r t s  and the  perc-cut  
pa r t s  are not s ign i f icant ly  d i f ferent .  

2. The  O( ls ) /U(4 f )  ra t io  increases w i th  storage time for bo th  coolant- 
c u t  pa r t s  equally. 

T h e  C( ls ) /U(4 f )  rat ios f o r  t he  boron-cut and f o r  t he  perc-cut  pa r t s  
increase w i th  storage time and are no t  s ign i f icant ly  d i f ferent .  

T h e  O(1s) HBE/O(ls) LBE ra t io  increases w i th  storage time f o r  bo th  
coolants, but the  perc-cut  r a t i o  increases more than that  f o r  t he  
boron-cut pa r t s  for  storage times exceeding 64 d. 

These t rends  were analyzed stat ist ical ly us ing  the  F test. Th i s  
tes t  indicated t h a t  t he  increases in O(ls)/U(4f),  C(ls)/U(4f),  and O(1s) 
HBE/O(ls)  LBE rat ios were l inear w i th  respect to storage time. 
Differences between the  th ree  sample areas f rom e i ther  boron-cut or 
perc-cut  pa r t s  were no t  stat ist ical ly s ign i f icant  (see Appendix). 

3. 

4. 

DETERMINATION OF OXIDE CORROSION LAYER THICKNESS 

The  IMMA was employed t o  determine the  thickness o r  depth  o f  t he  
oxide corrosion layers t h a t  formed on the  enr iched uranium surfaces 
a f te r  each o f  t he  seven d i f f e ren t  conditions, as l is ted in Table 2. The  
layers were measured by sput te r ing  a t  least two 31- by 39-pm rectangles 
on the  surface o f  t he  I C  and the  OC o f  one coupon each f rom the  mouth, 
45O, and pole areas f rom each p a r t .  Examples o f  t he  secondary-ion depth  
prof i les  of 0- t h a t  were generated are shown in Figs. 24 and 25. 
F igure  24 shows a pro f i le  f rom p a r t  5692 (standard treatment, boron 
coolant) w i th  a re la t ive ly  thin oxide, and Fig. 25 shows a p ro f i le  f rom 
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Table 6. Summary of calculated atomic ratios from ESCA 
determinations of relative atomic concentrations of 
oxygen, uranium, and carbon on the boron- and perc 
coolant-machined surfaces of enriched uranium 

Days after O(1s) HBE 
machining O(1s) LBE 

Boron coolant 

5.42 f 0.35 30 1.34 f 0.11 3.08 f 0.47 
45 1..40 f 0.15 3.60 f 0.27 5.45 f 0.67 
75 1.94 f 0.26 4.10 f 0.32 6.88 f 0.54 

225 3.64 2 1.39 6.05 f 1.10 10.97 f 2.75 

Perc coolant 

45 1.44 f 0.18 3.43 f 0.09 4.32 f 0.45 
75 1.62 k 0.19 3.70 f 0.29 5.23 f 0.48 

225 6.10 f 1.52 6.47 f 0.70 14.11 f 3.87 - 
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Fig. 24. Oxygen depth profile 
on standard treatment, sample 5692, 
boron coolant. 
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Fig. 25. Oxygen depth profile on 
standard plus 1 month storage, sample 
5730, perc coolant. 

p a r t  5730 (perc coolant) which was s tored f o r  1 month in a Rocky Flats 
bag a f te r  f i n a l  processing. These prof i les  are o f  typical areas on 
these samples. The  oxide depth  measurements were cal ibrated by 
measuring sputtered craters  w i th  a surface pro f i le r  and by comparing 
them w i th  ion implantation prof i les  determined by a nuclear reaction 
method. 

Statistical analyses of variance (see Appendix) indicated that  there  
are stat ist ical ly s ign i f icant  dif ferences in oxide depths a t  various 
locations and between the  pe rc  and boron coolant-machined shown 
graphica l ly  in Figs. 26 and A.4. The  numbers o f  I C  and OC are the  
averages of thicknesses measured on typ ica l  surfaces. On most o f  t he  
samples, isolated p i t t ed  areas had much greater oxide thickness. , The  
maximum, local, pitting thickness measured on each set is also shown in 
Table 7. These are not typ ica l  but do  show that some small spots o f  
severe corrosion are common on enr iched uranium surfaces, par t i cu la r ly  
if t he  storage time exceeds 1 month a f te r  machining. The  photomicrographs 
in the  nex t  section i l lus t ra te th i s  point. Note t h a t  no t  a l l  p i t s  were 
measured; some p i t s  deeper than those l is ted could exist. 

Table 7 shows that  as storage time a f te r  machining increases, t he  
oxide thickness increases. The oxide depth  on the  perc-cut  pa r t s  
increased l inear ly  and essentially equal ly  on bo th  the  I C  a n d  OC a t  a 
ra te  o f  1.6 nm/d. T h e  oxide g rowth  on the  boron-cut parts, however, 
decreased f rom i t s  in i t ia l  l inear ra te  and was greater on the  OC than on 
the  IC. A p lo t  of these resul ts  i s  shown in Fig. 26. The  statistical 
analyses indicated t h a t  one l inear regression l ine could be used to fit 
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Table 7. Summary of IFMA determinations of oxide depth 
on the boron coolant-chined and perchloroethylene 

coolant-machined surfaces of enriched uranium 

Depth (nm) 
Maximum 

Days after Average Average Average Grand local 
Part machining IC oc IC + oc average pitting 

5715 
5713 

5692 
5720 

5722 
5727 

5725 

5726 
5730 

5733 
5739 

5740 

30 
45 
45 
45 
75 
75 
75 

225 

45 
45 
45 
75 
75 
75 

225 
225 
225 

Boron coolant machined 

68 + 37 59 + 22 64 + 28 
97 26 79 5 11 - 115 7 24 - - 

64 + 28 - 
101 + 22 360 - 

97 + 11 119 + 23 106 + 18 
139 5 21 162 74 151 7 50 - - - 
159 + 28 192 + 16 176 + 27 
329 5 71 217 7 104 273 5 100 - - - 

163 - + 41 1130 

273 - + 100 -2000 

Pert coolant machined 

113 + 20 124 + 13 119 + 16 - - - 
114 - + 18 1400 

97 + 23 122 + 6 111 + 20 
178 5 16 190 5 33 184 7 - 24 - - 

168 - + 31 1040 
159 + 46 139 + 19 152 + 30 
416 5 30 394 44 406 5 38 - - - 

414 + 41 -2000 - 
447 + 44 392 + 17 423 + 44 - - - 

a l l  t h e  data f rom t h e  pe rc  coolant-machined par ts  and t h a t  a second 
l inear regression l ine could be used to fit a l l  t h e  da ta  f rom t h e  boron 
coolant-machined parts. Th is  resul ts  in a slope o r  l inear oxide g rowth  
ra te  o f  1.0 nm/d f o r  t h e  boron-cut par ts  and  1.6 nm/d f o r  t h e  perc-cut 
parts. If these rates remain unchecked, spal l ing of oxide f rom t h e  
surface could be expected in -1000 d a f te r  machining f o r  t h e  boron-cut 
p a r t s  and -600 d f o r  the  perc-cut par ts  when the  oxide reaches 1 vm in 
thickness. 

Th is  s tudy  o f  oxide g rowth  on enr iched uranium par ts  i n  a normal 
environment showed t h a t  boron coolant-machined surfaces oxidized a t  
s ign i f icant ly  lower rates than t h e  pe rc  coolant-machined surfaces. 
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Fig. 26. Oxide growth on 
perc- and boron-cut parts. 

SURFACE MORPHOLOGY AND LOCAL CORROSION 

The  scanning electron microscope (SEM) was ut i l ized t o  su rvey  bo th  
the  IC a n d  OC o f  a l l  coupons. The same samples used in the  IMMA 
analyses were used f o r  t he  SEM work. The  coupons were r insed in 
Freon 113 j u s t  p r i o r  t o  the  SEM analysis. A series of  photomicrographs 
rang ing  in magnification from lOOX to 3000X were made f rom a 
representat ive area o f  each coupon. 

Corrosion p i t s  were found on al l  surfaces examined, w i th  the  
smallest number observed on the  specimens l ike those sent t o  Rocky Flats 
(exposed to Y-12 environment f o r  30 d after f ina l  machining). The  
lengths o f  t he  p i t s  ranged f rom less than 2 pm t o  greater than 20 pm. 
The  p i t s  were randomly dispersed, bo th  individually and in groups. 
Except for the  Rocky Flats-type coupons, a l l  coupons regardless o f  t he i r  
location o r  coolant used showed approximately the  same degree o f  
pitting. Also randomly dispersed were areas where the  oxide g rowth  
pa t te rn  could be  observed. 

The  various types  o f  pitting and oxide g rowth  pat terns can be seen in 
Figs. 27 through 40. The  h ighest  magnification (3000X) photomicrograph 
in each f i g u r e  shows e i ther  the  detai l  of t he  pitting o r  the  oxide 
growth.  The  re la t ive sizes of t he  p i t s  can be compared in the  lOOOX 
views, while the  300X photomicrographs, show the  d is t r ibu t ion  of the  
p i t s  in the  same area. Figures 41 and 42 compare ( a t  lOOOX) the  surface 
morphologies v s  time a f te r  f i n a l  machining f o r  t he  boron-cut pa r t s  and 
the  perc-cut  parts, respectively. 



Fig. 27. Pitting and oxide growth patterns 
of boron coolant-machined part 5715 shown 30 d 
after final machining on the IC at  45O. 
Magnification: (a) 3OOOX, (b) lOOOX, (c) 3OOX. 
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Fig. 28. Pitting and oxide growth patterns 
of boron coolant-machined part 5715 shown 30 d 
after final machining on the OC a t  the pole. 
Magnification: (a) 3OOOX, (b) lOOOX, (c) 3OOX. 



Fig. 29. Pitting and oxide growth patterns 
of boron coolant-machined part 5692 shown 45 d 
after final machining on the IC a t  45O. 
Magnification: (a) 3O0OX, (b) lOOOX, (c) 3OOX. 



Fig. 30. Pitting and 
of boron coolant-mach i ned 
after final machining on 
Magnification: (a) 3OOOX, 

oxide growth patterns 
part  5713 shown 45 d 

the OC a t  the mouth. 
(b) lOOOX, (c) 3OOX. 
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Fig. 32. Pitting and oxide growth patterns 
of boron coolant-machined part 5722 shown 75 d 
after final machining on the OC a t  the pole. 
Magnification: (a) 3OOOX, (b) lOOOX, (c) 3OOX. 



Fig. 33. Pitting and oxide growth patterns 
of boron coolant-machined part 5727 shown 225 d 
after final machining on the IC at 45O. 
Magnification: (a) 3OOOX, (b) lOOOX, (c) 3OOX. 



P 
0 

Fig. 34. Pitting and oxide growth patterns 
of boron coolant-machined p a r t  5727 shown 225 d 
after final machining on the OC a t  45O. 
Magnification: (a) 30oOX, (b) lOOOX, (c) 3OOX. 



Fig. 35. Pitting and oxide growth patterns 
of perc coolant-machined part 5725 shown 45 d 
after final machining on the IC at  the mouth. 
Magnification: (a) 3OOOX, (b) lOOOX, (c) 3OOX. 



P 
N 

Fig. 36. Pitting and oxide growth patterns 
of perc coolant-machined par t  5726 shown 45 d 
after final machining on the IC a t  the mouth. 
Magnification: (a) 3OOOX, (b) lOOOX, ( c )  3OOX. 



Fig. 37. Pitting and oxide growth patterns 
of perc coolant-machined part 5730 shown 75 d 
after final machining on the IC at the pole. 
Magnification: (a) 3OOOX, (b) lOOOX, (c) 3OOX. 



Fig. 38. Pitting and 
of perc coolant-machined 
after final machining on 
Magnification: (a) 3OOOX, 

oxide growth patterns 
part 5733 shown 75 d 
the OC at  the pole. 

(b) 10oOX, (c) 3OOX. 

. 



Fig. 39. Pitting and oxide growth patterns 
of perc coolant-machined part 5739 shown 225 d 
after final machining on the IC at 45". 
Magnification: (a) 3OOOX, (b) lOOOX, (c) 3OOX. 
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Fig. 40. Pitting and oxide growth patterns 
of perc coolantmachined part 5740 shown 225 d 
after final machining on the  OC a t  45O 
Magnification: (a) 3OOOX, (b) lOOOX, (c) 3OOX. 



Fig. 41. Surface morphology vs time after final machining-boron coolant. All magnifications are 
10oOX. Taken after (a) 30 d, (b) 45 d, (c) 75 d, (d) 225 d. 



Fig. 42. Surface morphology vs time after 
final machining--perchloroethylene coolant. All 
magnifications are 1OOOX. Taken after (a) 45 d, 
(b) 75 d, (c) 225 d. 
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ACCELERATED CORROSION TESTING 

Accelerated corrosion test ing was used t o  determine if there  were 
gross di f ferences i n  the  atmospheric corrosion propert ies of  the  
enr iched uranium machined by the  d i f fe ren t  coolants. The accelerated 
atmospheric corrosion tes t  consisted of  exposing the  samples t o  an 
a l ternat ing humid i ty  cycle a t  66OC f o r  approximately 1 month. The 
humid i ty  cycle was 55 min a t  100% relat ive humidity, 55 min a t  50% 
relat ive humidity, and a 5-min in terva l  between humid i ty  changes. Th is  
a I te r  n a ti ng con dens i ng/dr y i n g  cycle causes h igher  corrosion rates than 
exposure a t  a constant humidity. 

Pr ior  t o  exposure, the  samples were cleaned w i th  acetone, r insed 
Each sample was weighed independently by w i th  alcohol, and a i r  dr ied. 

d i f fe ren t  technicians t o  the  nearest 0.01 mg. 

Because of  the  va ry ing  curva ture  of  the  samples, the  exposed surface 
area was calculated f rom thickness, weight, and densi ty  ra ther  than f rom 
d i rec t  dimensional measurement. Also, the  edges o f  most o f  the  
specimens contained bur rs .  If the  as-received surface had not been the  
major concern i n  the  experiment, these b u r r s  would have been removed. 
Because the  purpose of  th is  experiment was t o  compare coolants and 
because a l l  samples were handled i n  the  same manner, these per turbat ions 
should not  have affected the overal l  results. 

A f te r  exposure, the  samples were washed w i th  alcohol and weighed. A 
large percentage of  the  samples had a weight loss, which was a t t r ibu ted  
t o  oxide spalling. These weight losses precluded calculat ing corrosion 
rates f rom weight-gain data; therefore, weight-loss d a t a  were used. 
This method of calculat ing the  corrosion rates biases the  calculated 
rates toward the  h igh side because a l l  corrosion i s  assumed t o  occur 
d u r i n g  the  30-d exposure t o  the  a l ternat ing humid i ty  environment; in 
reality, some oxide formed d u r i n g  the  storage period. 

The basic procedures of  ASTM G1-81, "Preparing, Cleaning, and 
Evaluat ing Corrosion Test  Specimens,"' were used t o  determine corrosion 
rates. The cleaning solution was 50 vol  % n i t r i c  acid-50% deionized 
water a t  room temperature. Immersion time was 3 min, and the  cycle was 
repeated f i ve  times. The  f i r s t  cleaning cycle removed the  oxide wi thout  
s igni f icant loss o f  base metal, and correct ion factors were not requ i red  
f o r  base metal removal. 

The calculated corrosion rates f o r  the  various tes t  condit ions are 
presented in Table 8. The average corrosion rate of  the  samples t h a t  
were similar t o  those sent t o  Rocky Flats and machined i n  the  propylene 
glycol-water-borax coolant was 0.45 mil/year. Th is  ra te is similar t o  
t h a t  o f  the  samples t h a t  were machined in this coolant and stored f o r  
1 month: 0.58 and 0.49 mil/year. The corrosion rates of  samples 
machined from the  enr iched uranium par ts  that  had the  standard treatment 
and those which were stored f o r  a n  addit ional month i n  the  Rocky Flats 
bags were analyzed stat ist ical ly us ing a two-factorial design. The  main 
ef fects were coolant (perc-mineral oil o r  propylene glycol-water-borax) 
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and treatment h i s to ry  (standard o r  standard p lus  1 month in Rocky Flats 
bags). Specimen location w i th in  a p a r t  was used as a b lock ing factor. 
A t  a 95% confidence level, on l y  the  choice o f  coolant had a s ign i f icant  
effect. 

Table 8. Corrosion rates of enriched uranium 
in alternating humidity environment 

Corrosion rate (rnil/year) 
Condition Coo 1 ant Mouth 45 O Pole Average 

Like Rocky Flats Boron 
test parts ( 5 7 1 5 )  

Standard ( 5 6 9 2 ,  5713)  Boron 

Standard ( 5 7 2 5 ,  5726)  Perc 

Standard + 1 month Boron 
in Rocky Flats bags 
( 5 7 2 0 ,  5722)  

Standard + 1 month Perc 
in Rocky Flats bags 
( 5 7 3 0 ,  5733)  

0 .37  

0 . 6 4  
0 .59  

0 .77  
0 .77  

0 . 3 9  
0 .50  

1. ooa 
0 .60  

0 . 4 4  

0 . 6 6  
0 . 6 0  

0 . 7 3  
0 .96  

0.71 
0 . 4 0  

0 .45  
0 .75  

0 .53  0 .45  

0 .39  0 .58  
0.57 

0 .90  0 .83  
0 .82  

0 .56  0 .49  
0 .38  

0 .53  0 .66  
0 . 6 2  

asevere localized corrosion. 

Addit ional stat ist ical  analysis (see Appendix) indicated that  there  
was a small but s ign i f icant  decrease in the  corrosion ra te  o f  t he  
1-month-storage sample compared w i th  the  standard treatment samples. 
Th is  d i f ference may be  due t o  improvements i n  debur r i ng  the  samples 
which were ins t i tu ted  a f te r  a l l  t he  standard treatment samples had been 
run. Th is  improvement decreased the  ac tua l  surface area in a way no t  
easily quantif iable. 

The  corrosion ra te  o f  t he  enr iched uranium that was machined w i th  
the  new propylene glycol-water-borax m ix tu re  was 0.23 fi 0.14 mil/year 
lower than t h a t  o f  t he  samples machined w i th  the  o ld  perc-mineral o i l  
cool a n t. Th is  s l igh t  difference, although ins ign i f icant  f rom a 
practical viewpoint, is  in the  desired d i rect ion and shows t h a t  
subs t i tu t ing  propylene glycol-water-borax coolant f o r  perc-mineral o i l  
coolant w i l l  no t  deleteriously a f fect  t he  corrosion proper t ies o f  
enr iched u r a n i  urn. 

A visual examination o f  t he  exposed specimens confirmed the  
differences in the  corrosion characterist ics o f  t he  specimens machined 
in the  two  coolants. Twenty-f ive percent o f  t he  specimens t h a t  were 
machined w i th  the  old perc-mineral o i l  coolant displayed small localized 
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Parts per million Glycol/ 
Part Coolant gU/g Boron C1 NO2 NO3 S O 4  p H  water 

areas w i th  loose corrosion produc t  (Fig. 43), whereas none of  the  
samples that  were machined w i th  the  new propylene glycol-water-borax 
mix tu re  displayed th is  t ype  of  corrosion. 

The areas of  localized corrosion were ev ident  a f te r  a few days' 
exposure t o  the  tes t  environment and did not appear t o  g row as  the  test  
continued. No e f fo r ts  were made t o  determine the  cause of  these 
localized corrosion areas; however, they  were probably  caused by 
incomplete removal o f  the  chlor ide contaminant d u r i n g  cleaning 
operation s. 

In summary, the  corrosion propert ies of  enr iched uranium machined in 
the  new propylene glycol-water-borax coolant are super ior  to those of  
enr iched uranium machined in the  o ld  perc-mineral o i l  coolant. This 
conclusion i s  based on both weight-loss d a t a  and visual  appearance of  
the  exposed specimens. 

COOLANT CHARACTERIZATION 

T o  monitor the  p ickup of  contaminants in the  coolant and t o  determine 
whether the  coolant was changing over the  course of  the  machining o f  ou r  
experimental pa r t s ,  some analyses were r u n  on two 50-mL samples of  the  
boron coolant a f te r  machining the  f i r s t ,  fourth,  seventh, and the tenth 
par ts .  These analyses included grams of  uranium per  gram (gU/g), pH, 
boron by I CP, propylene glycol-to-water ratio, and ion chromatography 
f o r  ni t r i te,  nitrate, chloride, and sulfate. The perchloroethylene coolant 
was collected a f te r  the  f i r s t ,  third, and f i f t h  par ts  were machined and 
the  gU/g was determined. The d a t a  are displayed in Table 9. 

Table 9. Coolant data 

5700 Boron 36.3 8600 32 700 46 26 7.7 41/59 
5692 Boron 27.3 8800 28 1000 34 24 7.8 39/61 
5727 Boron 28.5 8600 28 740 33 23 7.8 43/57 
5715 Boron 29.4 8200 27 710 27 22 7.8 41/59 

5740 Perc 38.1 
5739 Perc 37.8 
5733 Perc 38.7 

~ ~ ~ ~ ~ ~ ~ ~ ~~~~ 

Note: Machining order--5700, 1st; '5692, 4th; 5727, 7th; and 5715, 10th. 
5740, 1st; 5739, 3rd; and 5733, 5th. 



Fig. 43. Samples machined with perc coolant displayed more localized corrosion than did 
samples machined with the boron coolant. (a) Perc, 30-d exposure; (b) boron, 30-d exposure. 
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The on ly  consistent t rends  in the  Table 9 data are decreases in the  
chloride, nitrate, and sulfate ions w i th  time. The increase i n  n i t r i t e  
a f te r  the  f o u r t h  p a r t  seems odd. However, the  nominal level i s  1000 ppm 
of  n i t r i t e  as an inh ib i tor .  A favorable note is  t h a t  the  quant i t y  of 
uranium i n  the  boron coolant did not appear t o  increase w i th  time and 
was less than t h a t  measured in the  perc coolant. The boron level in the  
coolant is  v e r y  important, and it appeared t o  remain stable over the  
shor t  per iod of  ten p a r t s  machined f o r  t h i s  study. 

A Freon ext ract ion was performed on the  coolant associated w i th  
p a r t s  5715 and 5727. The former produced 4 mg of residues f o r  110 mL of 
coolant. I n f ra red  ( IR)  analysis showed mineral o i l  p lus un ident i f ied 
material. The la t ter  produced 48 mg of  residues f o r  114 mL of coolant. 
An  IR  analysis indicated t h a t  mineral o i l  was the  major component. Th is  
amount o f  mineral o i l  could easily be some p ickup f rom the  perc coolant 
that  had been used in the  machine previously.  
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CONCLUSIONS 

Boron residues on the  final-finished, boron coolant-machined p a r t s  
were found t o  average 15 k 3 ng/cm2. Inside contour surfaces averaged 
somewhat h igher  than outside contour surfaces. Overall, th is  level of 
boron i s  not  considered a problem f o r  any subsequent processing of the  
p a r t s .  General contamination on both perc-machined and boron coolant- 
machined p a r t s  was found t o  be v e r y  similar. Some dif ferences observed 
were greater boron and carbon on the  boron-coolant par ts  and g r e a t e r  
chlor ine on the  perc-coolant parts.  Uranium on the  surface of a l l  p a r t s  
was in the  +4 oxidation state. Total oxygen on the  surface increased 
equally f o r  both types of  par ts  w i th  storage time. 

A f te r  225 d of  exposure, stat ist ical ly d i f fe ren t  corrosion rates 
were found f o r  enr iched uranium surfaces machined by the  two d i f fe ren t  
coolants a n d  exposed t o  the  normal environmental conditions of  the  Y-12 
Plant.  Oxide growth  on p a r t s  machined w i th  the  perc  coolant progressed 
a t  a ra te of  1.6 nm/d v s  1.0 nm/d f o r  the  boron coolant-machined parts. 
Under accelerated corrosion conditions, a s l igh t ly  h igher  corrosion rate 
was found f o r  the  perc-cut  pa r t s -0 .75  mil /year (52 nm/d) vs  0.51 
mi l /year  (35 nm/d) f o r  the  boron coolant-cut p a r t s .  

Du r ing  the  re la t ive ly  shor t  term of  ten p a r t s  machined i n  the  boron 
coolant, no serious contamination problems of the  coolant were 
discovered, a n d  the  boron level remained reasonably constant. 

In summary, corrosion resistance of  enr iched uranium machined w i th  
the  aqueous propylene glycol-borax coolant is be t te r  than t h a t  o f  
enr iched uranium machined w i th  the  perc-mineral o i l  coolant. The boron 
residues on the  f inal- f in ished par ts  machined us ing the  borax-containing 
coolant are not  suf f ic ient  t o  cause problems in f u r t h e r  processing. A l l  
evidence indicates t h a t  the  enr iched uranium surfaces machined us ing the  
borax-containing coolant wi l l  be as  sat isfactory as  those machined using 
the  perc  coolant. 
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APPENDIX 

STATISTICAL ANALYSIS OF DATA 

A.1 SURFACE CONTAMINATION 

A.1.1 Boron Results 

Because of the  var iab i l i t y  and inconsistency in t h e  bulk boron data, 
t he  approach t o  assessing surface boron by subt rac t ing  the  average bulk 
boron f rom the  boron levels found  in the  chips appears to be  unreliable. 
As the  r e p o r t  suggests, acid leaching is  p robab ly  the  most reliable 
approach f o r  assessing surface boron. Six-cm-diam d isks  were cut f rom 
each o f  n = 6 pa r t s  machined w i th  the  boron coolant and f rom each of 
n = 5 pa r t s  machined w i th  the  perchloroethylene (perc) coolant. T h e  
d isks  were acid leached t o  remove surface boron, and the  leachant was 
measured f o r  boron content by induc t ive ly  coupled plasma emission 
spectroscopy (ICP). The  acid leaching resul ts  are as follows: 

S u rf ace boron 
Coolant Par t  (ng/cm2) 

Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Perc 
Perc 
Perc 
Perc 
Perc 

571 5 
5692 
571 3 
5720 
5722 
5727 
5726 
5730 
5733 
5739 
5740 

12 
19 
16 
16 
13 
16 
a 
a 
a 
a 
a 

aBelow ICP detection limit. 

Since t.,e surface boron resul ts  f o r  t he  pe rc  coolant are al l  below 
the  detection l imi t  o f  t he  ICP spectroscopy, it is  not possible t o  
stat ist ical ly compare the  levels o f  surface boron f o r  t he  two  coolants. 
It is possible, however, t o  estimate the  mean surface boron level f o r  
t he  boron coolant. A 95% confidence in te rva l  f o r  t h i s  mean surface 
boron level i s  15.3 k 2.6 ng/cm2. 

A.1.2 ESCA Results 

Electron spectroscopy (ESCA) was used t o  assess the  surface 
conditions of the  machined pa r t s  in terms of th ree  atomic concentration 
ratios: These th ree  
rat ios were determined a t  each of t h ree  positions (pole, 45O, and mouth) 

0 (1 s )  H BE10 (1 s )  LBE, 0 (1 s ) / U  (4 f  1, and C (1 s ) / U  (4f). 



on each o f  twelve parts. An analysis of variance was performed to 
stat ist ical ly compare the  means of seven handling treatments, as well as 
t o  compare t h e  means a t  t he  th ree  positions (pole, 45O, and mouth) and 
to assess any possible interaction between treatment and position. The 
treatment means and the  analysis of variance resul ts  are g iven in 
Tables A.l  and A.2 respectively. 

Taking as stat ist ical ly s ign i f icant  any F-test f o r  which the  p-value 

For bo th  coolants, t he  means of each o f  t he  th ree  rat ios O/O, O/U, 
and C/U increase s ign i f icant ly  w i th  storage time. Th is  increase can 
be modeled by s t ra igh t  l ines for a l l  th ree  ratios. For the  O/U and 
C/U ratios, no matter which coolant i s  considered, t he  least-squares 
regression l ines are 

(probabi l i ty  >F) fa l ls  below p = 0.05, we can conclude the  following: 

1. 

O/U = 2.734 + 0.016 (storage time, d), 

C/U = 2.972 + 0.044 (storage time, d). 

For the  0/0 ratio, stat ist ical  evidence suggests t h a t  t he  two 
coolants have d i f f e ren t  regression lines: 

Boron coolant: 

0/0 0.944 + 0.012 (storage time, d), 

Perc coolant: 

0/0 = 0.027 (storage time, d). 

T h u s  the  two  coolants behave similarly w i th  respect t o  e i ther  t h e i r  
O/U or C/U rat ios as a func t ion  o f  storage time. However, f o r  t he  
0/0 ratio, t h e  least-squares regression l ines indicate t h a t  t h e  0/0 
ra t i o  i s  lower f o r  t h e  pe rc  coolant than for the  boron coolant for 
less than 64 d of storage, but the  0/0 ra t io  is greater for the  
pe rc  coolant than f o r  t he  boron coolant f o r  more than 64 d o f  
storage. 

2. The  means o f  each of th ree  rat ios do not  d i f f e r  significantly among 
the  th ree  sampling positions (pole, 45O, and mouth). 

3. There  is  no evidence of any  interaction between position and 
treatment for any  o f  t he  th ree  ratios. 

See Figs. A.l, A.2, and A.3 for plots of the  O/O, O/U, and C/U 
treatment means. 



. 59 

Table A . l .  ESCA sample means 

Storage 

Treatment Coolant Handling 
time Means 

(dl  n 0/0 O/U c/u 
1 Boron Same as Rocky 30 3 1.34 

Flats Plant 

2 Boron Standard 45 6 1.40 

3 Perc Standard 45 6 1.44 

4 Boron Standard + 75 6 1.94 
1 month 

5 Perc Standard + 75 6 1.62 
1 month 

6 Boron Standard + 225 3 3.64 
6 months 

7 Perc Standard + 225 6 6.10 
6 months 

3.08 5.42 

3.60 5.45 

3.43 4.32 

4.10 6.88 

3.70 -4.23 

6.05 10.97 

6.47 14.11 

A.2 OXIDE DEPTH RESULTS 

T h e  ion microprobe mass analyzer (IMMA) was used to measure the  
depth  o f  t he  oxide corrosion layer  on coupons cut f rom each of s ix  
locations [ th ree  positions (pole, 45O, a n d  mouth) on two surfaces ( IC 
and OC)] on each o f  twelve parts. A n  analysis o f  variance was performed 
to look f o r  effects on the  mean oxide depth due to the  d i f f e ren t  
handl ing treatments, t he  th ree  positions, o r  t he  two surfaces, and to 
look for a n y  interactions among the  th ree  factors. The analysis of 
varjance resul ts  and the  appropr iate sample means are g iven in 
Tables A.3 a n d  A.4, respectively. 

The  mean oxide depth  increases s ign i f icant ly  w i th  storage time on 
bo th  the  pa r t s  machined w i th  the  boron coolant and the  pa r t s  machined 
w i th  the  pe rc  coolant. Th i s  increase in oxide depth can be  modeled as a 
s t ra ight - l ine funct ion o f  storage time, but the  equation o f  t he  l ine 
depends on the  coolant t y p e  and on the  measurement position (IC or OC; 
pole, 45O, or mouth) (see Fig. A.4). 

Even though the  equations for the  lines depic t ing the  relat ionship 
between oxide depth  and storage time do  change w i th  coolant and measure- 
ment position, a reasonable way to approximate the  overal l  relat ionship 
between the  oxide depth  on the  pa r t s  and storage time is  t o  fit one 
regression l ine us ing  al l  t he  data for the  perc-machined pa r t s  and 



Table A.2. ESCA analysis of variance 

Probability >Fa 

Source D.F. o/o o/u c/u 

Treatmentb 6 

a. Storage time 
Linear 
Quadratic 

0.0014 0.0003 0.0055 
0.0005 0.0001 0.0020 
0.5968 0.7345 0.9287 

b. Coolant 0.1005 0.8109 0.9177 

c. Storage time X coolant 
Linear X coolant 
Quadratic X coolant 

d. Linear storage time 
(boron coolant) 

e. Quadratic storage time 
(boron coolant) 

f. Cubic storage time 
(boron coolant) 

0.0619 0.3423 0.2629 
0.0275 0.2019 0.1283 
0.3659 0.4673 0.6082 

0.0215 0.0008 0.0420 

0.9147 0.3817 0.9183 

0.8063 0.6364 0.7892 

Part (treatment) 5 

Posit ion 2 0.8585 0.2509 0.2664 

Position X treatment 12 0.8131 0.0914 0.1864 

Residual 10 - 
Total 35 

aAn analysis of variance was also performed on the rank 
transformed data, because the response variables are ratios that 
do not follow a normal distribution. Results for the analysis 
of variance on the original data and on the rank transformed 
data were similar (taking a = 0.05). 

kontrasts a, b, and c involve treatments 2 through 7 only. 
Contrasts d, e, and f involve treatments 1, 2, 4, and 6. 
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Fig. A.2. PcOt of O(ls)/U(4f) treatment 
means versus days of storage. 

15.0 

12.5 

0 10.0 

s , 7.5 
e 

I- 

u 5.0 

2.5 

/-* 
/*- c BORON COOLANT 

c .’ PERC COOLANT 
- ---.-- -- 

0-1 I 1 I I I I I 
20 40 60 80 1W 120 140 160 180 200 220 240 

STORAGE TIME (DAYS1 
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means versus days of storage. 
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Table 8.3. Oxide depth analysis of variance 

Source 
~~ ~ 

D.F. Probability >F 

Treatment 

a. Storage time 
Linear 
Quadratic 

b. Coolant 

c. Storage time X coolant 
Linear X coolant 
Quadratic X coolant 

Part (treatment) 

Position 

Surf ace 

Position X surface 

Treatment X position 

Treatment X surface 

Treatment X position X surface 

Residual 

Total 

6 

5 

2 

1 

2 

12 

6 

12 

25 

71 

- 

0.0001 
0.0001 
0.1078 

0.0023 

0.0043 
0.0017 
0.1940 

0.0017 

0.0025 

0.0020 

0.0023 

0.0001 

0.0090 

Note: Contrasts a, b, and c involve treatments 
2 through 7 only. 

separately fit a second regression l ine us ing  al l  t h e  data for t h e  
boron-machined pa r t s  (i.e., combine data f rom al l  s ix  measurement 
positions) (see Fig. A S ) .  The  least-squares regression l ines f i t t e d  
us ing  these combined data are: 

Boron coolant: 

Oxide depth  (nm) = 62.983 + 0.983 (storage time, d), 

Perc coolant: 

Oxide depth  (nm) = 42.398 + 1.638 (storage time, d). 
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TaMe A.4. Oxide depth Sample meens 

Man 
Storage oxide 
time depth 

Treatment Coolant Handling (d) n (nm) 

1 
2 
3 
4 

5 

6 

7 

Treatment 

Boron 
Boron 
Perc 
Boron 

Perc 

Boron 

Perc 

Coolant 

Same as Rocky 30 
Standard 45 
Standard 45 
Standard + 75 

Standard + 75 

Standard + 225 

Standard + 225 

1 month 

1 month 

6 months 

6 months 

Posit ion Surface 

6 
12 
12 
12 

12 

6 

12 

Storage 
time 
(d) 

63.9 
101.0 
114.0 
162.7 

167.8 

273.1 

410.6 

Mean 
oxide 
depth 
(nm) 

1 
2 
4 
6 
1 
2 
4 
6 
1 
2 
4 
6 
1 
2 
4 
6 
1 
2 
4 
6 
1 
2 
4 
6 
3 
5 
7 
3 
5 
7 
3 
5 
7 
3 
5 
7 
3 
5 
7 
3 
5 
7 

Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Boron 
Perc 
Perc 
Perc 
Perc 
Perc 
Perc 
Perc 
Perc 
Perc 
Perc 
Perc 
Perc 
Perc 
Perc 
Perc 
Perc 
Perc 
Perc 

Mouth 
Mouth 
Mouth 
Mouth 
Mouth 
Mouth 
Mouth 
Mouth 
Pole 
Pole 
Pole 
Pole 
Pole 
Pole 
Pole 
Pole 
45O 
450 
450 
45O 
450 
45' 
450 
450 
Mouth 
Mouth 
Mouth 
Mouth 
Mouth 
Mouth 
Pole 
Pole 
Pole 
Pole 
Pole 
Pole 
450 
450 
45" 
450 
45O 
450 

IC 
IC 
IC 
IC 
oc 
oc 
oc 
oc 
IC 
IC 
IC 
IC 
oc 
oc 
oc 
oc 
IC 
IC 
IC 
IC 
oc 
oc 
oc 
oc 
IC 
IC 
IC 
oc 
oc 
oc 
IC 
IC 
IC 
oc 
oc 
oc 
IC 
IC 
IC 
oc 
oc 
oc 

30 
45 
75 

225 
30 
45 
75 

225 
30 
45 
75 

225 
30 
45 
75 

225 
30 
45 
75 

225 
30 
45 
75 

225 
45 
75 

225 
45 
75 

225 
45 
75 

225 
45 
75 

225 
45 
75 

225 
45 
75 

225 

109.0 
84.0 

128.5 
164.5 
82.5 

133.0 
204.7 
401 .O 
36.5 
89.0 

175.0 
149.0 
53.0 

100.0 
195.0 
260.3 
61.5 
81.8 

143.8 
336.7 
41 .O 

114.7 
131 .O 
327.0 
117.5 
196.0 
408.7 
127.7 
184.0 
41 8.3 

89.3 
148.5 
446.5 
114.5 
153.8 
361.8 
108.8 
172.0 
436.7 
126.8 
154.8 
391.5 
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These two  regression equations indicate t h a t  for 30 to 31 d of 
storage, t he  boron-machined pa r t s  have greater oxide depth  than the  
perc-machined parts; for 31-225 d of storage, t h e  boron-machined pa r t s  
have lower oxide depth than the  perc-machined parts. 

A.3 SURFACE MORPHOLOGY AND LOCAL CORROSION 

No d a t a  are available. 

A.4 ACCELERATED CORROSION TEST RESULTS 

Samples f rom n ine pa r t s  were subjected t o  an accelerated corrosion 
test. The  corrosion ra te  (mils p e r  year) was determined f o r  a sample 
f rom each of th ree  positions (pole, 4 5 O ,  and mouth) on each of n ine 
par ts .  A n  analysis of variance was performed t o  look for effects on the  
mean corrosion rate due t o  the  d i f f e ren t  handl ing treatments o r  due t o  
the  th ree  positions, and t o  look f o r  a n  interaction between position and 
treatment. The  analysis of variance resul ts  and sample means are g iven 
in Tables A.5 and A.6, respectively. 

Table A.S. Accelerated corrosion analysis of variance 

Source 
Probability 

D.F. >F 
~~ 

Treatment 
Storage time 
Coolant 
Storage time X coolant 
Linear storage time (boron coolant) 
Quadratic storage time (boron coolant) 

Part (treatment) 

Posit ion 

Position X treatment 

Residual 

Total 

~~~~~~ 

4 
0.0219 
0.0038 
0.3027 
0.7540 
0.0802 

4 

2 0.9301 

8 0.8153 

8 - 
26 
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Table A.6. Accelerated corrosion sample means 

Mean 
Stor age corrosion 
time rate 

Treatment Coolant Handling (d) n (mil/year) 

1 Boron Same as Rocky 30 3 0 . 4 5  

2 Boron Standard 45 6 0 . 5 8  

3 Perc Standard 45 6 0 . 8 3  

4 Boron Standard + 75 6 0 . 4 9  
1 month 

5 Perc Standard + 75 6 0 . 6 6  
1 month 

From the  analysis of variance results, we can conclude the  
following: 

1. 

2. 

3. 

4. 

5. 

There i s  a s igni f icant decrease in  the  mean corrosion r a t e  f rom 45 
t o  75 d of storage f o r  both the  boron and perc coolants. 

The perc  coolant mean corrosion rate i s  s igni f icant ly h igher  than 
the boron coolant mean corrosion rate.  

There i s  no s igni f icant interaction between storage time and 
cool ant. 

There i s  no s igni f icant dif ference in  the mean corrosion rate fo r  
the three positions (pole, 45O, and mouth). 

There i s  no s igni f icant interaction between position and treatment. 

See Fig. A.6 fo r  a p lo t  of the  corrosion rate treatment means. 

A.5 COOLANT CHARACTERIZATION 

As p a r t  machining progressed, contaminants i n  the  coolant were 
monitored. Only  the uranium content was monitored both i n  the boron and 
perc coolants. There are not enough d a t a  t o  rel iably assess the 
existence of any t r e n d  in  uranium levels i n  the coolants as a funct ion 
of the  number of p a r t s  machined. The d a t a  that  were collected on 
uranium content of the two coolants a r e  displayed in  Fig. A.7. 
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