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ABSTRACT

Beryllium was shown to react stoichiometrically with HF, HCl, 

and H2S0^ acids in accordance with a plus two valence. These react­

ions were investigated by the hydrogen evolution method.

Dissolution rates were determined in five concentrations, 0,01, 

0,05, 0,10, 0.50, and 0,75 N, of HF acid at 10, 20, 30, 40 and 50°C, 

This was accomplished by the hydrogen evolution method and the re­

sults were based on the tested stoichiometry. Beryllium has a high 

dissolution rate in HF acid, which approximates the following under 

similar conditions: 10 times Al, 4 times Ti, and 1,5 times Zr, A 

kinetic evaluation of the dissolution results revealed a reaction 

order of 0,88 and an activation energy of 6,8 Kcal/mole, Unfort­

unately, due to the existence of complex surface conditions, these 

values proved to be inadequate to deduce a conclusive mechanism for 

the reaction. However, a tentative hypothesis is offered -which 

assumes a diffusionally controlled process that is hindered by a 

BeO film. Future studies involving potential and difference effect 

measurements should prove effectual in developing an explanation of 

this reaction,

A preliminary investigation of the HCl dissolution reaction 

revealed a very different mode of attack which appeared to be pri­

marily electrochemical. A most interesting feature of this reaction 

was its capacity to exhibit the phenomenon known as the "chunk effect* 

This resulted in fragments of the berylli-um being dislodged into the 

solution during attack by the dilute acid. Limited dissolution rate 

data for this reaction indicated it to be more complex than for the
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HF acid reaction.

A review of the literature revealed no evidence of previous 

quantitative corrosion studies on beryllium in the above three acids
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I. INTRODUCTION

A few heretofore less common metals have become prevalent 

through their association with the growth of atomic energy. Pure 

beryllium is definitely one of these metals, which at present has 

been lowered to an economic level that attracts the attention of 

non-nuclear interests. .Because of its relatively recent avail­

ability and the previous limited application of beryllium as a 

pure metal, there are many potential areas for research that remain 

unexplored. Accordingly the absence of published work on corrosion 

in acids suggested the need for the present study.j

This study was made possible by the Atomic Energy Commission 

as a portion of a project devoted to the corrosion of nuclear 

metals. Its objectives were to provide quantitative information on 

the corrosion of beryllium in aqueous hydrofluoric,hydrochloric and 

sulfuric acid solutions with the ultimate goal of explaining the 

mechanism of dissolution.__

A quantitative investigation of the reaction was accomplished 

through a determination of the dissolution rate of beryllium, londer 

various conditions, by the amount of hydrogen evolved. From these 

results conclusions as to the controlling reaction mechanism could 

be drawn from the kinetics of the process; which includes order of 

the reaction, energy of activation, and the effect on the dissolution 

rate of noble metal salt additions.

Through necessity portions of this thesis had to be concerned 

with exploratory investigations and, thereby, act as a basis for 

future studies in this laboratory.



The results of this study are therefore of a preliminary nature 

and, as such, are incapable of fully explaining the mechanism of the 

dissolution process in hydrofluoric acid. In addition, the present 

state of knowledge of heterogeneous reaction kinetics does not satis­

factorily lend itself to a conclusive evaluation of the reaction 

order and activation energy observed in this study.



II. LITERATURE REVIEW

Since beryllium is a metal which owes its relatively recent 

prominence and availability to the growth of atomic energy, it is 

not surprising to note the absence or disagreement of published 

information regarding its corrosion properties in acids. Especially 

noteworthy, is the apparent absence of previous quantitative studies 

aimed specifically at determining the mechanisms involved.} The 

above statements are based upon a review of the Chemical Abstracts 

and available unclassified literature of the Atomic Energy Commission, 

plus the most recent texts pertaining to this subject

Inorganic chemistry literature sources state that beryllium 

metal dissolves vigorously in dilute acids, except dilute nitric 

acid in which the reaction soon ceases in the cold,^^*^^^^ Besides 

the lack of detailed information on these dissolution reactions, 

no mention is made of their stoichiometry. Of the three acids 

(hydrofluoric, hydochloric and sulfuric) mentioned in the literature, 

the least information is reported on the action of hydrofluoric acid 

toward beryllium metal,

A general summary, as of 1955, of the corrosion resistance of 

beryllium to air and water at various temperatures was presented at 

the International Conference on the Peaceful Uses of Atomic Energy 

by A. R, Kaufmann and B, R. F, Kjellgren.^"^^ Almost the same in­

formation is also reported in the text "The Metal Beryllium,

Undoubtedly, the most comprehensive coverage to date, of the 

overall chemical reactivity of beryllium may be found in the text
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"Beryllium." by DaiTwin and Buddeiy.^^^ In fact, they mention the 

hydrogen evolution method, using hydrochloric acid or potassium 

hydroxide solution, as a means of determining o:xygen content in 

beryllium over the higher oxygen range.

Therefore, a search of the literature reveals many opportun­

ities for original research pertaining to the corrosion of beryl­

lium in acids, with significance being placed upon the mechanism 

of the attack. Studies of this nature should become of great value 

as beryllium is more seriously considered as a structural material.

No survey of this metal would be complete without mentioning

its toxicity. One should become aware of the hazards involved before

contemplating extended contact with beryllium metal or its compounds.

A general survey of this subject may be found in either "The Metal
(3) (2 )Berylli-um"^ ' or "Beryllium."^ ' More detailed infoimiation of great 

abundance is available in the Chemical or Atomic Energy Commission 

Abstracts.



III. ™  DISSOLUTION REACTION OF BERYLLIUM m  HYDROFLUORIC. 
HYDROCHLORIC AND SULFURIC ACIDS

This preliminary phase of the research was concerned with the 

quantitative character of the reaction of beryllium metal with hy­

drofluoric, hydrochloric and sulfuric acids.

Since beryllium exhibits a stable valence of plus two, it may 

be expected to react with the above acids as follows;

Be + 2 HF — ► BeF2 + H^ (l)

Be + 2 HCl — *• BeCl^ + Ho (2)

Be + H^SO^

BeCl^ + H^ 

BeSO^ + H^ (3)
However, the exactness of these reactions must be known before sub­

sequent dissolution rate studies by the hydrogen evolution method 

are based upon them.

A. MATERIALS

The beryllium was purchased from The Brush Beryllium Company 

as premium grade vacuum-cast metal lump (lot number Y8918 APQMV). 

Unfortunately, an exact analysis of this material is unknown; but, 

if it conforms to specifications it should have a beryllium content 

of 99.5%.

B. APPARATUS AND PROCEDURE

Use was made of an existing apparatus which had been employed 

during previous investigations in this laboratory for similar 

s t u d i e s . E s s e n t i a l l y ,  it consisted of a constant temperature 

reaction vessel sealed to a gas burette that was equipped with a 

leveling bulb. A ground glass rotary seal in the side of the re­

action vessel facilitated release of the specimen after the system



approached a constant temperature. Predetermined amounts (approxi­

mately 0.028 gms.) were reacted in the apparatus at 36.0°C. and the 

evolved hydrogen was measured with respect to time until a constant 

volume was approached. Prior to isolating the system from the sur­

roundings, the atmospheric pressure was recorded. Temperature of 

the surroundings was recorded with the final volimie.

At first, difficulty was experienced in obtaining results of

comparable accuracy to previous studies using this apparatus. ( 10 )

Since, 0.0001 gm. of beryllium develops approximately 0.25 ml. of 

hydrogen at STP, more accuracy was required in weighing. An accuracy 

of i 0.00001 gm. was achieved with a Gold Balance and a set of class 

S-1 metric weights, standardized by the Bureau of Standards (NBS Test 

No. G 18280).

The concentrations of acids listed in Table A were chosen be­

cause they gave reaction rates convenient to follow but, yet, not 

of more than 30 minutes duration. Since the evolved hydrogen was 

collected in the presence of water, atmospheric pressure readings 

were corrected for the vapor pressure of water at the recorded temp­

erature; plus, a correction to reduce readings of a mercurial baro­

meter with a brass scale to 0°C. Then the observed volumes were re­

duced to standard conditions.

Because of the stable valence exhibited by beryllium all of the 

dissolution reaction determinations were performed in the presence 

of air.

C. RESULTS

The volumes at STP from the hydrogen evolution experiments and 

their corresponding theoretical volumes, assuming a purity of 99,5% Be,



are sumiriarized in Table A. Using the theoretical values obtained 

from equation (l), (2) and (3) as reference, a comparison of the 

results indicates the deviations to be within experimental limits. 

Visual examination of the solution remaining in the reaction vessel 

after each run revealed no evidence of unreacted material; therefore, 

it was assumed that the reaction with all three acids had been com­

plete .

From this preliminary investigation it was concluded that 

beryllium reacts with dilute hydrofluoric, hydrochloric and sulphuric 

acids as anticipated in equations (l), (2) and (3)* Also, the purity 

of the premium grade vacuum-cast beryllium metal lump appears to meet 

standard specifications.



Table A

The Calculated and Measured Volume of Hydrogen
Evolved from the Complete Dissolution of Beryllium in

Three Acids in the Presence of Air

Acid ¥t • of Be Vol. of H2 
Evolved at 
STP (ml)

Calc* Theor* 
Vol. ( as suming 
9 9 . 5 ^  B e )

% Deviation 
From Theor.

HF (3 N ) 0.02866 71.0 6 70 .9 1 + 0 .2 1
ft 0.02725 6 7 .5 1 67.43 + 0 .12
If 0.03042 75.30 75.27 + 0.04
ft 0.02843 70.45 70.35 + 0 .14

A v e r a g e + 0 .13

HCl (2N) 0.02940 72.89 72.75 + 0 .19
ft 0.02740 67.68 67.80 - 0.18
ft 0.02840 70.38 70.27 + 0 .16
ft 0.02818 69.57 69.73 - 0.23

A v e r a g e - 0.02

HpSOy (2 N ) 0.02831 69.99 70.05 -  0.09
ft ^ 0.03105 76.84 76.83 + 0.01
ft 0.02845 70.42 70.40 + 0.03

A v e r a g e - 0.01



IV. ™  RATE OF DISSOLUTION OF BERYLLIUM IN DILUTE 
CONCENTRATIONS OF HYDROFLUORIC ACID ^  VARIOUS TEMPERATURES

Dissolution rate studies were performed by the hydrogen evolu­

tion method for acid concentrations of 0.01 to 0.75 normal. This 

procedure was repeated at 10, 20, 30, 40 and 50°C in order to de­

termine the activation energy of the reaction.

A. MATERIALS
Because of the irregular shape of the vacuum-cast beryllium 

metal lump, it was necessary to utilize the less pure QHV structural 
grade for this phase of the research. This material was also pur­
chased from The Brush Beryllium Company and was certified to conform 
to specification S-IOO-B, with the following analysis;

Be (assay) 98.5 % minimum
BeO 1.2 % •ma.-x~iTmTm

Al 0.14% f t

C 0.15% It

Fe 0.16% It

Mg 0.08% It

Si 0.10% It

Any other metallic impurity 0.04% maximum 

The specification also stipulated that the beryllium (minimum 

density 1.84 g/cc) was produced by the "Brush Hot Pressing Process" 

from -200 mesh virgin powder originating from vacuum-cast billets. 

Furthermore, the surface should be free of porosity and cracks as 

detected by dye penetrant inspection.

Reagent grade (assay 48.0-51.0%) hydrofluoric acid was used 

throughout to prepare solutions of various normalities. The acid 

solutions were titrated against a standardized carbon dioxide-free
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sodiimi hydroxide solution, using phenolphthalein as indicator. Pre­

viously, the sodium hydroxide solution had been titrated against 

potassium acid phthalate which served as a primary standard. Again 

phenolphthalein was used as indicator. The primary standard was 

prepared as outlined in the Handbook of Chemistry and Physics.

In all the above solutions fresh distilled water was used and the 

titrations were performed at least three times, producing an average 

value.

B. APPARATUS

A photograph of the dissolution rate apparatus may be found in 

Figure 1, with a detailed diagram shown in Figure 2. Basically, it 

consisted of a spherical reaction vessel to contain the reactants, a 

stirring mechanism through a mercury seal to keep the specimen in 

constant motion, a gas burette for measuring the evolved hydrogen 

and a constant temperature water bath.

The glass reaction flask was of 500 ml. capacity and had three 

ground glass joint openings. Bees wax covered the portion that came 

in contact with the hydrofluoric acid. One of the openings contained 

a valve "h” to the surroundings, the second contained the rotary 

mercuiy gas seal and the third an exit to the gas burette. To main­

tain an even temperature in the reaction flask it was submerged to 

the base of its openings in the constant temperature water bath.

The stirring mechanism was belt driven by a reduction pulley 

which in turn was actuated by a variable constant speed motor. 

Throughout all self dissolution rate deteimiinations the specimen was 

rotated at 200 r.p.m. and checked by repeated measurement. Motion
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Figure 1

Dissolution rate apparatus
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polyvinylchloride tpecimen holder 
beeswax lining
constant temperature water bath 
stirring rod
mercury seal (constructed of lucite)
stirring rod bearing
drive pulley
ground glass valve
gas b\irette
leveling bulb
tygon tubing

Figure 2

Reaction vessel and volumetric apparatus
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Figure 3
Polyvinylchloride specimen holder,
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was transmitted through the mercury seal by a stainless steel rod.

The rod was shielded from the acid by firmly slipping into the speci­

men holder which is shown in Figure 3. The face of the holder was 

inclined at an angle of 45° and wax was used to fasten the specimen 

mount to it.

The gas burette had a capacity of 100 milliliters but, if 

necessary, this could be extended by momentarily closing the entrance 
valve and expelling the existing hydrogen. Collection of the hydro­

gen was over distilled water; using atmospheric pressure as a refer­
ence since an equal column of water was maintained in an attached 
leveling bulb.

The constant temperature water bath employed throughout this 

investigation was capable of maintaining temperatures within i 0.1°C. 

The temperature was automatically controlled by a mercury themno- 

regulator which actuated a heating circuit relay as shown in Figure 

4. Instead of using the usual metal resistance heater, an infrared 

type, believed to be an original application of a tubular quartz 

infrared lamp, was incorporated in the apparatus. It has the in- - 

herent advantage of more wattage in less space and much lower mass, 

which results in a negligible amount of overshoot in temperature.

The efficiency of this type of heater is increased if the circulating 

medium is dyed a dark color. For temperatures below that of the 
surroundings, cold water was circulated through a cooling coil and 
in the case of 10° C a chilled brine solution was pumped through a 

closed system.
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U 5  Vac

a) thomoDieter
b) stlrrar
c) haatlng element
d) mercury thermo-regulator
e) cooling coil
f) manual switch
g) battery, 6 volts
h) electromagnetic switch
i) fiberglass insulation

Figure 4
Equipment emd wiring diagram of the constant 

temperature apparatus
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C. PROCEDURE

All of the apparatus shovm in Figure 1 was constructed and 

assembled for this dissolution rate study. A minimum of equipment 
failure was exp)erienced since the appjaratus was originally planned 
as a permanent installation for future studies of this nature.

Preparation of specimens of one centimeter square area necessi­
tates cutting the 2” X 1” X block of beryllium. This was ac­
complished with some difficulty by using a hacksaw. Subsequent 
filing and sanding to final dimensions proved to be similar to 
working with a hardened steel. ^̂ All of the above operations were 

performed with the specimen submerged in a pan of water to pre­
clude the possibility of breathing dust that might otherwise be 

created .J The final dimensions were checked with a micrometer and 
resulted in the following areas;

Specimen # 1 - 1.000 cm.^
Specimen # 2 - 1.060 cm.^

The specimens were mounted in polyvinylchloride so as to 
expose one square centimeter of metal to the acid. The mounting 
was accomplished in a standard metallographic mounting press, 

except that the mold was heated to about 80° C. This procedure 
resulted in a cylindrical mount which for convenience was trimmed 
to the shape shown in Figiire 3.

Just prior to each dissolution rate determination the speci­
men was wet sanded until flat and final p)asses were made on wet 
600 grit pjaper. Then the specimen mount was attached to the 

polyvinylchloride specimen holder with wax.
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Prior to each rate detennination fresh 300 milliliter quan­

tities of acid solution were given ample time, at least 30 minutes, 

to approach thermal equilibriimi. This was readily checked by seal­

ing the system and observing the constancy of the water column in 

the burette. After each rate determination the reaction flask was 

visually checked for any residue or distinguishing features pro­

duced by the reaction. It was then rinsed in distilled water and 

replaced in the constant temperature bath.

Next the atmospheric pressure, room temperature and initial 

burette reading were recorded. The specimen holder was slipped on 

the stirring rod, the stirring assembly was inserted in the reaction 

flask and the drive belt was connected. Immediately, the constant 

speed stirring motor was started and valve "h". Figure 2, was 

closed at test time zero. Thereafter, as hydrogen was evolved from 

the reaction it was measured by a displacement of the water column. 

Volumes at regular time intervals were recorded until a noticeable 

decrease had occured in the reaction rate. Again, the atmospheric 

pressure and room temperature were recorded so that an average 

value for the duration of the test could be used in reducing the 

volumes to standard conditions.

As the test temperature deviated to either extreme from room 

temperature, a noticeable effect was observed on the equilibrium of 

the system. This was caused by inserting the stirring assembly after 

it had been exposed to room temperature. Thus, producing a tempo­

rary differential between the temperature of its entrapped air and 

that in the reaction vessel. This undesireable situation was cor­

rected by storing the assembly in a container of distilled water
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which was in contact with the constant temperature water bath. In 
this way the differential could be reduced to approximately 1°C and 
its effect upon the equilibrium of the system was minimized. How­
ever, at best, this is only a treatment of the symptom and not a 
remedy of the cause. In the future, if high reaction rates are 

encountered, this sitiiation should be corrected by a change in the 
design of the stirring assembly,
1, Sample Calculation of Reaction Rate

The following calculations pertain to the results reported in 
Table XII, Run #2 in the Appendix,
Specimen #2
Average barometric pressure: 728,4 mm Hg 
Average rocan temperature: 22,8°C 
Pressure corrections:

(1) Correction for vapor pressure of water at 22,8°C = 20,8 ram Hg
(2) Temperature correction to reduce the reading of a mercurial 

barometer with a brass scale to 0°C = 2,7 mm Hg
Corrected average barometric pressure = 704,9 mm Hg (partial pressure

Hg)

Burette reading at 5 minutes = 2,40 ml

Correction of burette reading to standard conditions:
{2.40)(273){704.9) „ _

(295.8» 760) -
This same procedure was applied to each burette reading in ob­

taining corrected volumes at STP, In the Tables of the Appendix 

the corrected volume is reported with respect to time.
The change in volume, A  Vol., over a corresponding time inter­

val was obtained by substracting frcan each corrected volume the pre­

ceding value. As an example. Table XII is repeated on the next page.
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Time Volumes at STP A  Vol.
(minutes) (ml) (cm3)

0 0.00 0.00
5 2.05 2,05̂ '-

10 4.11 2.06-?̂
15 6.12 2.01-x-
20 8.13 2.0T--
25 10.10 1.97-»-
30 12.11 2.01---
35 13.95 1,84
40 15.79 1.84
45 17.63 1.84
50 19.39 1.76

An average maxiirium value of A  Vol, can be obtained from a 

range of values which are practically constant, and is found to be
32,02 cm-̂  • This value may then be converted into rate per unit area 

by the rate equation
(1000) (A V) 

At (4)

where R is the rate expressed in mm^/cm^ min,; A is the surface area 

of the specimen in cm^; and t is the time interval over which the 

measurement was taken, expressed in minutes. Application of equa­

tion (4) to the above example yields

R = = 381 mm-^/cm^ min.
(1.06)(5)

The rate may also be expressed in terms of the weight lost by the 

beryllium, according to
^ _  ( 0 . 4 0 1 6 ) ( A V )

At (5)

where R is expressed in mg. of Be/cm^ min.

At each acid concentration and temperature two rate determin­

ations were performed and their results averaged, so that a more 

reliable value would be obtained.
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D. RESULTS

Dissolution rates at four acid concentrations, 0.05 N, 0.10 N,
0.50 N and 0.75 N, and five temperatures, 10, 20, 30, 40 and 50°C, 
were investigated. The results are tabulated in Tables I through 

XXIV in the Appendix and simmnarized in Table B. One lower concen­
tration, 0.01 N, was also studied at each temperature and reported 
in the Appendix; however, the results deviated from the higher con­
centrations and were not included in the calculation of the reaction 
kinetics. In all the dissolution rate studies with hydrofluoric 
acid, rates were recorded beyond the times shown in the Tables to 
definitely ascertain a decrease in the reaction rate. However, in 

the final analysis, the superfluous rates were canitted.
Berylliim seems to react with all concentrations of hydro­

fluoric acid. Evidence of this characteristic may be observed in 
Figure 5, where the relationship of reaction rate to HF acid con­
centration appears to extrapolate to the origin. Between acid 

concentrations of 0.10 N to 0.75 N the relationship approaches 

linearity.
At an HF acid concentration of 0.50 N and at temperatures above 

30° C, beryllium does not exhibit a measureable induction period be­
fore the maximum dissolution rate is attained. At 20 and 30°C, the 
induction period appears to be only three minutes and at 10®C, about 
10 minutes. For the higher acid concentrations, 0.75 N, the induc­
tion periods are about the same, but at lower concentrations they 
are approximately double the above times. After the dissolution 
rate reached a maximum, it usually remained constant for a short 
while, depending upon the acid concentration and temperature.
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Table B
S-ummary of Dissolution Rates of ^  ^  Taken from

Tables I through XXTV in the Appendix
Temp.(“C) Cone. HF 

(equiv./liter)
Rate

(ram^/cm^min)
Avg. R 

(inm3/cm^
10.0 0.10 145
10.0 0.10 171 158
10.0 0.50 815
10.0 0.50 785 800
10.0 0.75 nil
10.0 0.75 in6 1114

20.0 0.05 141
20 iO 0.05 144 143
20.0 0.10 284
20.0 0.10 277 281
20.0 0.50 1118
20.0 0.50 1133 1126
20.0 0.75 1624
20.0 0.75 1630 1627

30.0 0.05 188
30.0 0.05 192 190
30.0 0.10 385
30.0 0.10 381 383
30.0 0.50 1685
30.0 0.50 1700 1693
30.0 0.75 2363
30.0 0.75 2419 2391

40.0 0.05 245
40.0 0.05 373 309
40.0 0.10 575
40.0 0.10 569 572
40.0 0.50 2397
40.0 0.50 2391 2394
40.0 0.75 3504
40.0 0.75 3392 3448

50.0 0.05 480
50.0 0.05 475 478
50.0 0.10 920
50.0 0.10 920 920
50.0 0.50 3608
50.0 0.50 3576 3592
50.0 0.75 5no
50.0 0.75 5208 5159



0*1 0,2 0.3 0.4 0.5 0.6 0.7 0.8
HF Aold Cone. (equiv./lltar)

Figure 5
The effect of HF conoentrmtlon on the rate of dissolution

of beryllium.
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and then decreased in an orderly manner* These observations are 

based upon many plots of the hydrogen evolved versus time.

Except for the lowest concentration of acid, a very thin light 

gray film was observed on the specimen at the end of each dissolu­

tion rate determination* The film appeared slightly darker and 

thicker as the concentration of the acid increased; however, with 

each set of conditions it seemed to reach an optimum thickness* It 

did not adhere well to the metal surface and could easily be removed 

with a camels hair brush before drying* In fact, some of the film 

could have been dislodged during exposure to the acid by the stirring 

action* A measure of the thickness of the film was indicated by the 

fact that it took several samplings to collect sufficient material to 

prepare a 0*5 millimeter diameter capillary specimen for x-ray exami­

nation* The resulting pattern definitely coincided with that of 

reagent grade beryllium oxide which had been examined by the same 

technique. The sampling procedure consisted of loosening the film 

with a camels hair brush, directing a stream of distilled water on 

the specimen and collecting the solution in a watch glass, from whence 

the water was later evaporated.

Removal of the beryllium oxide film exposed clean lustrous 

beryllium metal which had been attacked in an overall even fashion; 

especially, after attack at 10 and 20°C where the rate was low.

Under a binocular microscope slight pitting was observed from ex­

posure to higher rates of dissolution, with the frequency of pits 

increasing as the rate increased. After the highest rates of 

dissolution the pitting became so pronounced that the specimen had
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a sponge-like appearance; magnification revealed smooth roiinded 
surfaces -with concave pits of shallow depth.

With the dissolution rate data obtained from this study, a 
determination of the reaction order and activation energy should 
ultimately assist in revealing the rate determining step of this 
dissolution reaction,
1. Reaction Order

The initial concentration of the acid appeared to be the rate 
controlling factor.

Thus, the rate equation for the dissolution of beryllium was 
assumed to be

R = k (6)
where R is the reaction rate (mm^/cm^in.), k is the reaction rate 
constant (mm^/cm^in.) (liters/mole)^“^, C is the acid concentration 
(moles or equivalent/liter), and n represents the order of the 
reaction. A more useful foim of equation (6) is

In R = nln C + In k (7)

whereby a plot In R versus In C should result in a straight line 

if the reaction is not complicated by additional reactions. This 

relationship for berylliimi in hydrofluoric acid is represented in 

Figure 6 where the slopes of the curves are equal to n.
By the method of least squares an equation for each tempera­

ture was determined as:
10°C In  R = 0.82 In  C + 7.25 
20°C In  R = 0.89 In  C + 7.65 
30°C In  R = 0.93 In  C + 8.07 
40°C In  R = 0.89 I n  C + 8,40 
50°C In  R = 0.87 In  C + 0*80

(8)
(9)
(1 0)
(11)
( 12)
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In C (•q\iiv«/lit«r}

Figure 6

Dstemdnatlon of reaction ord4r over the eonoentration range
0.05 H -  0.75 N HF
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An average of the slopes in the above equations yields a reaction 

order of 0*88, In addition, an average value for the specific re­

action rate constant at each test temperature may be obtained from 

these equations. The resulting values are reported in Table C.

2. Activation Energy

To account for the effect of temperature on the dissolution 

rate, use was made of one form of the Arrhenius equation,

k = A e-E/RT • (13)

where k is the reaction rate constant, A the frequency factor, E 

the energy of activation of the reaction, R the gas constant, and T 

the absolute temperature. The logarithmic form of equation (13) is 

usually expressed for this application, as follows;

In k = -E/R(1/T) + In a (14)

In this form it is similar to the previous rate equation and a plot 

of In k versus 1/T should conform to a straight line, with the slope 

being related to the activation energy by

Slope = -E/R (15)

where E is expressed in cal/mole and R the gas constant in cal/mole 

deg.

Values for the reaction rate constant, k, were obtained from 

equations 8 through 12. The resulting curve is shown in Figure 7> 

which, by the method of least squares conforms to the following 

equation;

In k = -3.43 X ICp (1/t ) + In 19.39 

Substituting the slope (-3.43 X 10^) in equation (15) yields the 

activation energy for the reaction.
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E = (-3.43 X 10^)(-1.99)
E = 6.83 K cal/mole

Table C
Summary of Specific Reaction Rate Constants 

for Beryllium in HF Acid

10°C 20°C 30 °C 40°C 50°C

k, (mm^/cm^min) (liters/mole)^"*^ 1410 2100 3200 4450 6630

k, (mg Bq^cm^in) (liters/mole)l“^ 0.566 0.843 1.285 1.787 2.663
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1/T®K X 10^

Figur# 7
Determination of activation energy over the temparatiire 

range 10®- 50®C in 0.05 N - 0.75 N HF
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V. THE EFFECT OF STIRRING SPEED ON THE DISSOLUTION RATE

Often, the influence of stirring speed on the dissolution rate 

of metals warrants consideration of similar magnitude to that of 

temperature and concentration of the corrosion medium. This es- 

spedaily applies to reactions where the rate is controlled by the 

diffusion of reactants to, or products away from, the metals sur­

face •

In this investigation, a determination of the effect of stirring 

speed will serve as a reference to the particular apparatus and tech­

nique employed. Reaction rates from the method used in this study- 

are influenced by the geometry of the corrosion environment. This 

effect for the apparatus shown in Figure 2 would mainly stem from 

the size and shape of the reaction vessel and the construction of the 

specimen holder (Figure 3)» Of course it is necessaiy to assume 

these environmental factors remain constant throughout the collection 

of rate data. Therefore, by only varying the stirring speed and 

attempting to maintain all other conditions constant, the influence 

of the apparatus on the reaction rate should be reflected in the 

results.

The effect of stirring speed may be of value in the fut-ure if 

a comparison is desired wi-bh results of a duplicate study which 

were obtained by a similar method.

To investigate the effect of stirring speed, use was made of
\

the same apparatus, procedure and specimen that was described in 

Chapter IV. A concentration of 0.10 N hydrofluoric acid was
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arbitrarily chosen, as was the test tonperature of 30°C, and one 

determination of reaction rate was made at each speed of rotation. 

The results are reported in Table XXV through XXVIII in the Appendix 

and summarized in Table D. A plot of reaction rate versus stirring 
speed is shown in Figure 8.

Table D

Summary of the Effect of Stirring Speed 
on the Dissolution Rate 

(0.10 N HF at 30°C)

Stirring ^ e e d
(rpan)_____
75

150
200
250
300
400
525

Reaction Rate 
(mm^/cm^min.) 

239 
316 
373 
416 
448 
508 
595

The dissolution rate at zero stirring speed was deteimined as 

170 mm^/can^min. which is slightly above the value of approximately 

160 mm^/can^min. obtained by extrapolating the curve of Figure 8 to 

zero stirring speed. However, this is to be expected since the 
evolution of hydrogen tends to create a slight stirring effect in 

the stagnant solution.
Observation of Figure 8 Indicates that the reaction rate in­

creases less rapidly at speeds above 200 rpn. In reality this is 
not necessarily true; for the reaction flask was spherical and this 
would allow the solution itself to rotate. Thereby, haying the 

effect of lowering the rotation speed of the specimen with respect 
to the solution and reflecting a reaction rate that would correspond 
to a lower rjrni than indicated. Under more ideal conditions it is
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1

I
g•H

Figure 8
The effect of stirring speed on the dissolution rate of beryllium

in 0.10 N HF St 30.0®C
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possible that this relationship would become linear.

The influence of the speed of motion of a corrosion medium on

the rate of corrosion is discussed at some length by I. N. Putilova,

S.A. Balezin and V.P. B a r o n n i k , w h e r e  they mention several cases

in which investigators have observed a relationship which approached

linearity. Another case in which a linear relationship with stirring

speed was observed, is reported in a study of the reaction kinetics
(13)of zirconium in hydrofluoric acid.^ ^
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VI. THE INFLUENCE OF SALTS OF NOBLER METALS m  ^
RATE OF DISSOLUTION

This investigation dealt with the effect on the dissolution 

rate of adding small amounts of six salt solutions, AgNO^, Pb(N02)^, 

CuSOj^, NiCl2, PtCl^, and HAuCl^, separately to 0.10 N HF acid at 

30°C. The apparatus, procedure and calculations were essentially the 

same as described in Chapter IV, section B and C. In addition, 

arrangement was made to add the noble metal salt solution through 

a funnel which was attached to the exit valve ("h" in Figure 2).

It was not added until the beryllium had reached its maximum rate 

of dissolution, which was twenty minutes under these conditions.

In each case the reaction rate was measured prior to the addition, 

at which time the burette was re-zeroed and measurements continued for 

at least thirty minutes. The salts were added in two milliliter 

quantities of tenth molar concentration which had been premixed 

with an equal volume of 0.20 N HF acid. With the exception of 

the PtCl^ addition, all the determinations were made with air initially 

in the reaction vessel. Platinum has the ability to act as a cata­

lyst for the reaction of hydrogen and oxygen so the vessel had to 

be purged with nitrogen prior to initiating the reaction.

The purpose of this investigation was to assist in determining 

the mechanism of the attack of hydrofluoric acid on beryllium. 

Theoretically, if a dissolution process is electochemical in nature, 

then the presence of noble metal salts should increase the reaction 

rate; in that, the noble metal ion should be electro chemically 

displaced from solution and deposited on the reacting metal to f o m
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a local cathode. The degree of effectiveness the local cathode will 

have on the reaction rate is dependent upon its hydrogen-overpotential 

and the ease with which electrons may travel to it.

Before the results of this investigation are discussed in detail, 

it must be mentioned that they are, at best, semi-quantitative in 

that the salts were not added in equivalent amounts. This was due 

to an oversight in measuring the concentration of the additions in 

terms of molarity instead of normality. Also, only one determination 

was made for each salt addition.

A compai«.tive indication of the effect of the various noble 

metal salts may be observed in Figure 9* A numerical tabulation 

of the results is not included for the reasons mentioned in the 

previous paragraph, however, the recorded data may be found in Tables 

XXIX through XXXTF in the Appendix.

Additions of gold and platinum seemed to increase the rate of 

dissolution for 30 and 20 minutes respectively, at which time their 

effect diminished. Proof of their displacement from solution was 

observed by the presence of metallic gold in the bottom of the 

reaction vessel and the dark color imparted to the acid solution by 

the platinum. Metallic gold was also observed in scattered areas 

on the beryllium. The platinum gave an overall dark gray appear­

ance to the specimen which under high magnification revealed a 

discontinuous film of extremely fine dark particles. The metallic 

gold particles seemed to adhere much better to the beryllium which 

probably accounts for its more invigorating effect on the dissolu­

tion rate. In both cases the surface of the beryllium was rough
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Time (min.)

Figure 9
The effect on dissolution rate of adding aalta of 

nobler metals to 0.10 N HF at 30® C
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and pitted more than usual, which is what might be expected of an 

electrochemical type of attack.

The four remaining salts had an attenuating effect upon the 

reaction rate, with the AgNO^ addition having the greatest effect. 

This was probably caused by the greater amount of AgNO^ added as 

compared to the Pb(N02)2* Dark colored loosely adherent films 

.were formed by AgNO^, PbCNO^)^ NiCl^ additions, which upon re­

moval revealed a lustrous beryllium sub-surface with pitting visible

under high magnification (approximately 450X). The Pb(NOo) addi-
2 2

tion formed a white precipitate, PhP2> when it was premixed in two 

milliliters of 0.2 N HF acid; but apparently sufficient lead ions 

were made available to form a dense film. The film foniied by the 

CuSO^ addition was light brown or copper colored and fomed a dense 

continuous layer that adhered to the beryllium better than any of 

the other films, except the gold particles. Apparently, these latter 

noble metals were displaced from solution, but, for some reason were 

rendered ineffective as local cathodes and seemed to foim a pro­

tective film. This would not be surprising for lead because of 

its high hydrogen overpotential.

The exact composition of the films foimed by the additions is 

not known since a detailed x-ray analysis was not performed.
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VII, ™  RATE OF DISSOLUTION OF BERYLLIUM IN HYDROCHLORIC
ACID

Qualitative observations of the dissolution of beryllium in 

dilute hydrochloric acid indicated the reaction had a greater rate 

and that its mechanism was markedly different from the hydrofluoric 

acid reaction. The difference was most notably displayed by the 

accumulation of a black residue as the reaction progressed over a 

period of hours. Accumulation was greatest in concentrations of 

less than 0.5 N HCl and it increased with time. Accordingly, the 

beryllium specimen was observed to acquire a black appearance in a 

matter of minutes after exposure to all concentrations of HCl, The 

above observations appeared to apply equally to both vacuum cast 

(approximately 99-5% Be) and hot pressed powder metallurgy (98.5% 

Be) material.

Observation of the black residue under high magnification 

(approximately 450X) revealed needle and prismatic shaped parti­

cles, as shown in Figures 10, 11 and 12, which possessed a metallic 

luster. The needles have a diameter of approximately 0.4 microns 

and the length of the longest needle is 25 microns. The largest 

fragments are approximately 10 by 15 microns as compared to an 

original grain size of 10 to 30 microns in the powder metallurgy 

material. This prompted a test of the residue in concentrated 

HCl, whereupon contacting a 3 to 4 N solution the fine particles 

reacted vigorously; this would be expected with metal powder whose 

surface area and energy is inherently high. X-ray analysis, with 

the use of a 0,5 nim diameter capillaiy specimen, a cylindrical
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camera and copper radiation, revealed a beryllium metal pattern 
for the residue from the high piirity vacuum cast sample and a metal 

plus oxide pattern for that from the po-wder metallurgy material. It 
originally contained 1.2% max. BeO but during dissolution this pro­

portion would undoubtedly increase.
Evidently, the dissolution reaction in HCl acid is character­

ized by some form of preferential attack which liberates minute 

fragments of the parent metal into the acid solution. Evidence of 

such process is disclosed by the shape of the fragments and the 

presence of twinning in the larger fragments (Figure 10). They 

both may be traced to the parent metal as shown in Figures 13 and 
14 respectively. This analysis of the dissolution process accounts 
for the greater accumulation of black residue in the lower concen­
trations of acid, for in higher concentrations the fragments, if 
created, would tend to be consumed as part of the reaction. An 
explanation for their apparent stability and accumulation in very 
dilute acid could be in the fact that the fragments have a more 

perfect structure than the unreacted metal.
Previous occiirrences of the separation of fragments, or chunks, 

during anodic dissolution processes have been observed for various 

metals; more recently this phenomenon has been associated with the 
t e m  "chunk effect." As mentioned by U.R. E v a n s , p r o b a b l y  the 

first encounters with the above situati^sa, back to 1928, were in 

studies on the anodic attack of metals where the corrosion rate 
was compared to its faradaic equivalent and found to be much greater, 

Evans cites instances that involve the metals lead, copper, silver.
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Figure 10
Loose fragments of beryllium metal produced by the "chunk effect". 
Note the t-winning in the larger fragments which may be traced to 
the parent metal (Figure 14). Black plastic was used for the 
background# 450X.

Figaire 11
Needle-like fragments produced by the "chunk effect.” The diameter 
of the smallest fragment is approximately 0.4 micron and the longest 
25 microns. Black plastic was used for the background. 450X.
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Figiire 12
A collection of the fragments produced by the "chunk effect.” When 
in large quantities as above, they appear black to the naked eye. 
Black plastic was used for the background# 450X.

Figure 13
The beryllium metal surface after reacting with HCl acid, 
the source of the needle shaped fragments. 1300X.

This shows
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Figure 14

View of the beryllium metal surface after attack by HCl acid, showing 
a different orientation* Note the evidence of twinning. I3OOX.
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tin and aluminum as anodes, A more recent observation of non-

faradaic conditions with aluminum is reported by M,E, Straumanis,

where he accounts for the deviation from Faraday’s Law by considering

the difference effect theory. The most recent contribution to this
( 1 5  )subject has been by G, A, Marsh and E. Schaschl.'^ ' They cite 

cases that apply to aluminum, iron, magnesium and silver; and they 

refer to the "chunk effect" as some form of local corrosion and/or 

undermining process. One similarity noticed in all of the above 

cases, was the fact that the mode of attack was primarily electro­

chemical.

A search of the literature revealed no evidence of any pre­

vious association of beryllium with the "chunk effect." Mention 

of the black appearance was found; however, no additional informa­

tion was available to indicate that further inquiry had been made 

to explain the appearance. The earliest observation encountered 

was by J. O ’M, Bockris^ ' in 1947* He had performed a hydrogen 

overpotential study on some less common metals when he reported,

"Owing to the ready solubility of Be in N HCl, experiments 
were carried out in N/lO solution, in which the metal is 
still slightly soluble at a c.d. of 10”3 amp/sq.cm. Fur­
ther results at a c.d, of lO”^ amp/sq.cm. could not be re­
produced for Be and the metal surface became darkened so 
that four values at c.d.’s below 10“"**- amp/sq.cm, were ob­
tained."

Another reference (17) pertains to an anodic oxidation study on 

beryllium using an aqueous sodium chloride solution as the electro­

lyte, In this case it was stated that, "The black substance is 

formed uniformily throughout the anolyte.” They identified the 

black substance by x-ray analysis as beryllium metal but claimed
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that the only way to account for it was by the disproportionation 

of unipositive beryllium* Undoubtedly, they observed a result of 

the "chunk effect", since the appropriate conditions for electro­

chemical attack of the anode were present and the dislodged frag­

ments would be fairly stable in such a neutral solution. Regret­

fully, a more detailed elucidation of these conflicting mechanisms 

is not possible because the reference in question did not report 

pertinent facts about the size, shape, appearance or quantity of 

their "black substance.” It would be interesting to note the out­

come of their study if a strict accounting of the observed black 

substance had been made; very possibly, it would explain the devia­

tion from faradaic conditions that they used to postulate the ex- 

istance of univalent ions.

After establishing an understanding of the mechanism that 

caused the difference from dissolution in HF acid, it became ap­

parent why a more vigorous reaction had been observed in approxi­

mately 2 N solutions. This lead to speculation as to what the 

activation energy of such a kinetic process would be and could it 

be of assistance in evaluating the kinetics of the HF acid reaction, 

Therefore, it was decided to perform a limited investigation; with 

more detailed attention to follow in a subsequent study.

Dissolution rates were determined for a minimum number of 

conditions required to calculate a reaction order and activation 

energy. The results of one test at each condition are tabulated in 

the Appendix in Tables XXXV through XXXXIV. Purposely, the experi­

mental technique employed was identical to the previous rate study, 

as outlined in Chapter IV.
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At 40 and 50°C, berylli-um exhibited a lo-wer dissolution rate in 

HCl than in HF acid at concentrations less than 0.2 N, ho-wever, this 

condition reversed itself at high acid concentrations. This may be 

observed in Figure I5, -where the rate is plotted -with respect to HCl 

concentration. In contrast to HF acid, a minimum concentration 

(approximately 0.05 N) of HCl seems to be required before a measure- 

able reaction rate occurs.

A plot of In rate versus In HCl concentration indicated that 

the relationship was not linear for this reaction. According to 

the laws of reaction kinetics, non-linearity would add doubt to any 

subsequent res-ults obtained by the method used in Chapter IV, and it 

suggests that the reaction rate is partly dependent upon some other 

variable, besides the acid concentration. So, this limited amo-unt 

of work suggests a more complex reaction mechanism than -with HF 

acid.

l^en the dissolution rate results were treated nomiially, as 

described in Chapter IV, section D, an average reaction order of 

1 . 1 7  and an activation energy of 5*75 K cal/mole were calculated.

A more extensive study of this reaction should clarify the doubt 

associated -with this limited investigation.
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Figure 15
The effect of HCl cone* on the rate of diseolution of Be
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VIII. DISCUSSION

Results from the dissolution rate study in HF acid conformed 

with the kinetic treatment chosen but resulted in a reaction order 

of less than one (0.88), suggesting the assumption of first order 

dependency on the HF concentration to be questionable. Further 

evidence of another influencing factor was revealed in the experi­

mental activation energy of 6.8 K cal/mole. Compared to an ideally 

diffusion controlled process (4«5 K cal/mole), this value is rather 

high, but not uncommon since previous observations of high activa­

tion energies are reported and attributed to an oxide film acting 

as an energy barrier. If an electrochemical process is considered, 

6.8 K cal/mole would normally be considered low, but this outlook 

is complicated by the 5*8 K cal/mole observed for the HCl reaction.

Cne dominant factor is the 98.5% purity of the beryllium, where­

as 99.9+% purity is common for metals in such studies. For example, 

the largest impurity, BeC, was observed to accumulate during disso­

lution as a light gray film. This film, identified by x-ray analy­

sis ,undoubtedly complicated the reaction kinetics. This oxide 

being a non-conductor could act as a barrier to the diffusion of 

reaction product away from the metal surface. Potential measurements 

might reveal the effect of this film.

In addition to BeO as an impurity, beryllium is known to possess

an ever-present oxide film much like alumimm. This characteristic
( 1 8 )has been studied rather thoroughly by electron diffraction. '

The oxide film, plus beryllium’s chemical and normal potential 

similarities, suggested a comparison with previous work on aluminum
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in HF solutions.^ It showed that the effect of nobler salts on 

dissolution rate is similar but a comparison of activation energies 

was not possible because dissolution rates were reported only for 

25°C. From the rate data at 25°C a reaction order of 0.95 was cal­

culated. Potential and difference effect measurements would be of 

great value in completing this analogy. A possible deterent is the 

characteristically higher dissolution rate of beryllium, since the

oxide film on aluminum appears to be more resistant to HF acid.
(2)Beryllia is reported to be attacked by HF acid rapidly.^ ' This 

was also observed in the laboratory, along with HCl which reacted 

much slower.

A slowly soluble product (BeF^) is another factor which could 

have affected the dissolution rate. According to Hoar^^^^ this is 

unlikely. However, in this particular case the BeC film, present 

or accumulated, could hinder diffusion of ionized products away 

from the reaction interface. Also, the formation of products which 

do not diffuse quickly from the metal surface and deposit in the 

metal pores may lead to the formation of oxides (possibly hydrated), 

However, such oxides are usually formed under anodic polarization 

and it is unlikely that internal currents would be of sufficient 

magnitude to promote this mechanism or make it thermodynamically 

possible.'

solid BeF2 in water at 25°C as follows:

(19)

Reference to Seidell^ revealed the solubility of

Beryllium fluoride is extremely soluble but dissolves 
very slowly in water, and did not reach the saturation 
value within two to three months of constant agitation.
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Days Stirred

21
38
66
82

X2)

Mole BeFo/liter

9.72
13.74
16.73
1 7 .0 8

Darwin and Buddery'^  ̂ report the solubility of BeF2 in water at 

room temperature to be 50 gm/lOO gm water. An evaluation of this 

factor was not possible from x-ray analysis of the BeO film, which 

may have contained some of the reaction product, because BeF2 is 

amorphous and only produced a faint halo when the hydrated material 

itself was x-rayed.

The steady decrease in reaction rate, after the maximum, is 

not wholly attributable to a depletion of the HF solution. Calcu­

lations of this effect showed it could only account for approxi­

mately 1C% of the decrease. Since the decrease in rate was uniform, 

it could be related to the uniformly accumulated oxide film which 

originated from the BeC present in the metal as an impurity.

In HCl solutions qualitative observations indicated an electro­

chemical type of attack. These observations were based on the effect 

of adding salts of nobler metals, of touching the reacting metal 

with a platinum wire and the observance of the "chunk effect." For 

this reaction the light gray BeO film was not observed; probably it 

was dislodged with the chunks. The induction period noticed with HCl 

is attributed to its slow attack of the ever-present oxide film, to 

the accumulation of admixtures, and to the development of the rough 

surface associated with the "chunk effect." Actually, this acid 

would be expected to be favorable to an electrochemical process.
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plus. Be has a favorable hydrogen overpotential, slightly less than 

copper. Most outstanding of the above criteria is the "chunk effect" 

which has always been observed during primarily electrochemical 

conditions.

Conversely, since the "chunk effect" was not observed during 

reaction with HF or H2SC^ solutions, it indicates an absence or 

minor amount of electrochemical attack. If the "chunk effect" had 

been present, beryllium metal lines should have appeared in the 

x-ray pattern of the associated accumulated BeC film. Also, the 

surface after attack had a different appearance, as described in the 

results of Chapter IV.

Beryllium appeared to become passivated in pure HNC^ solutions 

but when small amounts of were added reaction soon commenced.

The addition of H2SC^ to HNC^ solutions is reported in the literature. 

If the concentration of HNO^ was about 8 N the added H2SC^ appeared 

not to affect the passivity.
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IX. SUMMARY AND CONCLUSIONS

BeF2 + H2 

BeCl2 + H2

Beryllium was shown to react stoichiometrically, with the three 

acid, solutions studied, in accordance with a plus two valence, as 

follows:

Be + 2 HF -- ^

Be + 2 HCl -- i

Be + H2SO4 -- ►  BeSO/^ + H2

Subsequent dissolution rate determinations in 0.05 N to 0.75 N 

HF solutions indicated the rate at 30°C could be expressed by

R = 3200

where R is in ram-̂ /cm̂  min. and C in moles/liter or when R is in 

mg.Be/cm^min., it may be expressed by

R = 1.285

Actually, this is a high rate of dissolution and compared to other 

metals studied at 30°C in 0.5 N HF acid with a stirring speed of 

200 rpm the rate approximates the following: 10 times Al, 4 times 

Ti and 1.5 times Zr. This high dissolution rate is attributable to 

the very negative free energy of formation of BeF2 and the ability 

of HF acid to readily attack BeO. Other metals with a spontaneous 

oxide film (that occupies a greater volume than the original metal) 

are usually afforded more protection.

A kinetic evaluation of the dissolution results produced a re­

action order of 0.88 and an activation energy of 6 .8 K cal/mole.

The magnitude of these properties is difficult to interpret by 

ordinary means since it was caused by complex surface conditions.

The influence of stirring speed was determined as a reference
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for future studies of this reaction.

By adding noble metal salts during dissolution rate determina­

tions, beryllium was shown to be prone to electrochemical attack 

only under extreme conditions, where hydrogen overvoltage was at a 

mindjnum,

A preliminary investigation of the dissolution process in HCl 

solutions revealed a very different mode of attack. The process 

appeared to be electrochemical and it exhibited the phenomenon known 

as the "chunk effect", which is a property certain corrosive media 

possess to dislodge fragments of the parent metal during anodic 

attack. Undoubtedly, the "chunk effect" will be revealed in later 

studies by causing a very negative difference effect.

Throughout this study invariably BeC arose in some form as a 

controlling factor, which emphasizes the rate determining influence 

it must have. Consequently, any corrosion studies performed on 

beryllium will be dependent on the BeC content of the metal. Un­

fortunately, the present state of knowledge does not permit a deci­

sive statement of this deduction.

Based upon the outcome of this study the following hypothesis 

is offered for the dissolution reaction in HF acid. The dissolution 

of beryllium in dilute concentrations of hydrofluoric acid is pri­

marily a diffusionally controlled process. As the un-ionized HF mole­

cule proceeds over the concentration gradient, which terminates at 

the metal surface, it encounters a BeC layer. This layer offers 

more resistance to diffusion than would concentration polarization 

and therefore more of an energy barrier, which would contribute to
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BeF^ + ^2^

the high activation energy observed in this study.

Besides being an energy barrier, some of the HF molecules react 

with the BeO before reaching the metal surface, as follows:

BeO + 2 HF -h

This reaction does not liberate hydrogen so it is not reflected in 

the results. Therefore, it is not possible to estimate the magni­

tude of this reaction, or its effect on the mechanism, from the re­

sults of this study. Also, the present state of knowledge does not 

allow an explanation of the fractional reaction order. Ultimately, 

the reaction at the metal surface would be rapid and not rate con­

trolling.

Evaluation of this mechanism might be accomplished if more 

were known of the HF acid-BeO reaction or if stoichiometric studies 

were performed with the impure powder metallurgy beryllium. How­

ever, potential and difference effect measurements should prove 

more effectual. Also radioactive tracer techniques would prove 

useful.

Dissolution rates indicative of pure Be might be realized if 

high purity cast material were used, but the inherent large grain 

size would unavoidably complicate the study because of crystallo­

graphic influence on the rates.



53

X, BIBLIOGRAPHY

1* U. R, Evans, "The Corrosion and Oxidation of Metals: Scientific 
Principles and Practical Applications," p* 883, Edward 
Arnold Ltd., London (i960).

2. G. E. Darwin and J. H, Buddeiy, "Beryllium," pp. 63 , 78, Academi
Press INC., New York (i960).

3. D. W. White, Jr. and J. E. Burke, "The Metal Beryllium," The
American Society for Metals, Cleveland, Ohio (1955).

4. J. W. Mello^- "A Comprehensive Treatise on Inorganic and
Theoretical Chemistry,” Vol. 4> PP* 214-215, Longman, 
Green and Co., New York (1923).

5* N. V. Sidgwick, "The Chemical Elements and Their Compounds,"
Vol. 1, pp. 198-199, Oxford Press, London (1950).

6. H. Remy, "Treatise on Inorganic Chemistry,” Vol. 1, p. 249,
Elsevier, New York (1956)

7. A. R. Kaufmann and B. R. F. Kjellgren, "Proceedings of the
International Converence on the Peaceful Uses of Atomic 
Energy,” Vol. 8, pp. 590-599, discussion p. 624,
United Nations, New York (1956).

8. M. E. Straumanis and J. T. Ballass, Z* anorgan Chem., 278, 36
(1955).

9. M. E. Straumanis, C. H. Cheng and A. W. Schlechten, Anal. Chem.,
28, 1883 (1956).

10. M. E. Straumanis, W. J. James and A. S. Nelman, Corrosion, 15.
286t-290t (1959) June.

11. Handbook of Chemistry and Physics, p. 1659, 41®^ Ed., Chemical
Rubber Pub. Co., Cleveland, Ohio, (1959-60).

12. I. N. Putilova, S. A. Balezin and V. P. Barannik, "metallic
Corrosion Inhibitors", (translated from the Russian by 
G. Ryback), p. 32, Pergamon Press, New York (i960)

13. W. J. James, W. G. Custead and M. E. Straumanis, Jour. Phy. Chem.
286 (i960)

1 4 . M. E. Straumanis, Jour. Electrochem. Soc., 105. 284 (1958)

15. G. A. Marsh and E. Schaschl, Jour. Electrochem. Soc, 107. 960
(i960) Dec.

1 6 . J. O ’M. Bockris, Trans. Faraday Soc., 43. 424 (1947)



54

17. B. D. Laughlin, J. Kleinberg and A. ¥. Davidson, American
Chem. Soc. Jour., 559 (1956).

18. I. S. Kerr and H. Wilman, Jour. Inst. Metals, 84, 379 (1955-56).

19. M. E. Straumanis and Y. N. Wang, Jour. Electrochem. Soc., 102.
304 (1955).

20. T. P. Hoar, "Modem Aspects of Electrochemistry" (Ed. Bockeris),
Vol. 2, pp. 325, 267, Academic Press Inc., New York
(1959)

21. A. Seidell, "Solubilities of Inorganic and Metal Organic Compound
4th Ed., Vol. 1, p. 406, D. Van Nostrand Co., New York 
(1958).



55

XI APPENDIX

The appendix contains tables of all of the hydrogen evolution 
data recorded during the course of this investigation. It is 

assembled in the same order as the table of contents.

Tables I through XXIV contain the data for:

The Rate of Dissolution of Beryllium in Dilute Concentrations 
of Hydrofluoric Acid at Various Temperatures 

Tables XXV through XXVIII contain the data for:
The Effect of Stirring Speed on the Dissolution Rate 

Tables XXIX through XXXIV contain the data for:
The Influence of Salts of Nobler Metals on the Rate of 
Dissolution

Tables XXXV through XXXXIV contain the data for:
The Rate of Dissolution of Beryllium, in Dilute Concentrations 
of Hydrochloric Acid at Various Temperatures
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Table I
Dissolution of Be in 0.01 N HF at 10.0°C

Run No* 1 (specimen #1)

Time Volume
(minutes) (ml.)

0 0.00
5 0.00

10 0.00
15 0 .0 0
20 0.00
25 0 .0 0

Apparent rate: 0

Dissolution of Be in 0.05 N HF at 10.0°G

Run No. 1 (specimen #1)

Time
(minutes)

0
5

10
15
20
25

Apparent rate: 0

Volume

0.00
0.00
0.00
0.00
0.00
0.00
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Dissolution of Be in 0.10 N HF at 10.0°C

No. 1 (specimen #1)

Time Volume at STP A  Vol.
(minutes) (ml.) (cm2>

0 0.00 0.00
5 0.00 0.00

10 o.od 0.00
15 0.34 0.34
20 0.67 0.33
25 1.30 0.63
30 2.06 0.76+
35 2.73 0.67̂ s-
40 3.48 0.75+
45 4.11 0.63

Average maximum rate for first run: 145

No. 2

0 0.00 0.00
5 0.00 0.00

10 0.00 0.00
15 0.42 0.42
20 0.84 0.42
25 1.35 0.51
30 2.32 0.97+
35 3.12 0.80-+
40 3.92 0.80-+
45 4.55 0.63

--- Average maximum rate for second run : 171

Average maximum rate for both runs: 158
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Table III

Dissolution of Be in 0.50 N HF at 10.0°C

Run No. 1 (specimen #1) 

Time
(minutes)

0 
510 

15 
20 
25 
30 
35 
40

Volume at STP
____(jQl»)____

0.00
1.57
5.46
9.51

13.66
17.68
21.52
25.49
29.24

A  Vol.
( cm3) 

0.00 
1.57 
3.89 
4.05+ 
4.15+ 
4.02̂ '- 
3.84 
3.97 
3.75

Average maximum rate for first run; 815

Run No. 2 (specimen #1)

0 0.00 0.00
5 1.48 1.48

10 5.24 3.76
15 9 .1 6 3.92---
20 13.09 3.93+
25 16.76 3.67
30 20.42 3.66
35 24.18 3.76
40 27.76 3.58

Average maximum rate for second run; 785

Average maximum rate for both runs; 800 mm^/cm^ min.



Table IV

Dissolution of Be in 0.75 N HF ^  10.0°C
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Run No. 1 (specimen #1)

Time Volume at STP A  Vol
linutes) (ml.) (cm^)

0 0.00 0.00
1 0.27 0.27
2 0 .62 0.35
3 1.42 0.80
4 2.48 1 .0 6
5 3.54 1 .0 6
6 4.65 1.11+
7 5.75 1.10-x-
8 6.82 1.07+
9 7.92 1.10̂ '-

10 9.03 1.11+
11 10.14 1.11+
12 11.29 1.15+
13 12.39 1.105'-
14 13.55 1.16+
15 14.65 1.105'-
20 20.01 5.36
25 25.23 5.22
30 30.45 5.22
35 35.59 5.14
40 40.72 5.13

Average maxinnmi rate for first run: 1111 mm^/i



Table V

60

Dissolution of Be in 0.75 N HF ^ 10.0°C

• 2 (specimen #1)

Time Volume at STP A  Vol.
(minutes) (ml.) (cm3)

0 0.00 0.00
1 0.18 0.18
2 0.53 0.35
3 1.14 0 .6 1
4 2.16 1.02
5 3.17 1.01
6 4.22 1.05
7 5.28 1 .0 6
8 6.43 1.15+
9 7.53 1.10-+

10 8.63 1.10-+
11 9.77 1.14+
12 10.91 1.14+
13 12.01 1.10---
14 13.11 1.10-+
15 14.22 1.11+
16 15.32
17 16.37 1.05
18 17.34 0.97
19 18.40 1.06
20 19.54 1.14
25 24.82 5.28
30 30.10 5.28
35 35.21 5.11

Average maximum rate for second run: 1116 rai

Average maxinnim. rate for both runs: 1114 min*
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Table VI

Dissolution of Be m  0.01 N ^  ^  20.0°C

Run No. 1 (specimen # l)

Time Volume at STP A  Vol.
0 0.00 0.00
5 0.00 0.00

10 0.17 0.17
15 0.26 0.09
20 0.35 0.09
25 0.35 0.00
30 0.39 0.04
35 0.52 0.13
40 0.73 0.21+
45 0.90 0.17
50 1.07 0.17

SLxinium rate for first run: 42

(specimen #1)

0 0.00 0.00
5 0.00 0.00

10 0.00 0.00
15 0.00 0.00
20 0.17 0.17
25 0.00 0.00
30 0.21 0.21+
35 0.34 0.13
40 0.43 0.09

-X-. Mciximuim rate for second run: 42

Maximum rate for both runs: 42 mm'^/cm^ min.
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Dissolution of Be in 0.05 N HF at 20.0°C

No. 1 (specimen #1)

Time Volume at STP A Vol.
(minutes) (ml.) ( cm3)

0 0.00 0.00
5 0.00 0.00

10 0.30 0.30
15 0.86 0 .56
20 1 .5 9 0.73+
25 2 .2 7 0.68-x-
30 3.00 0.73+
35 3 .6 0 0.60-+
40 4.20 0.60-x-
45 4.84 0.64+
50 5.66 0.825'-
55 6.43 0.77+
60 7.20 0.77+
65 7 .7 6 0.56-

+- Average maximum rate for first run: 1 4 1

No. 2 (specimen #1)

0 0.00 0.00
5 0 .1 7 0 .1 7

10 0.56 0.39
15 1 .2 9 0.73+
20 1 .9 7 0.685'-
25 2.70 0.73+
30 3.43 0.73+
35 4.16 0.73+
40 4.85 0.69^c-
45 5.58 0.73+
50 6 .3 1 0.73+
55 7 .0 4 0.73+
60 7.55 0 .5 1

+■ Average maximum rate for second run: 144

Average maximum rate for both rims: 143 mm3/



Table VIII

Dissolution of Be in 0.10 N HF at 20.0°C
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Run No. 1 (specimen #1)

Time Volume at STP A  Vol.
linutes ) (na.) (cm3)

0 0.00 0.00
1 0.17 0 .1 7
2 0.26 0.09
3 0.30 0.04
4 0.43 0 .13
5 0.56 0 .13

10 1 .7 2 1 .1 6
15 3.18 1 .46+
20 4.60 1 .42---
25 5.98 1.385S-
30 7.40 1 .42---
35 8.52 1 .1 2
40 9.81 1.29
45 11 .0 2 1 .2 1

Average maximum rate for first run: 284

2 (specimen #1 )

0 0.00 0.00
5 0.60 0.60

10 1 .9 1 1 .3 1
15 3 .2 7 1 .36+
20 4.68 1 .41+
25 6.08 1 .40---
30 7 .4 4 1 .36+
35 8 .72 1.28
40 10.03 1 .3 1
45 1 1 .3 1 1.28

+ Average maximum rate for second run: 277

Average maximimi rate for both runs: 281 inm^/cm^ min.
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Table IX

Dissolution of Be in 0.50 N ^  20.0°C

Run No, 1 (specimen #1)
Time Volume at STP A  Vol.
nutes) (ml.) (cm3)

0 0.00 0.00
1 0.53 0.53
2 1.41 0.88
3 2.51 1.105'-
4 3.69 1.185'-
5 4.79 1.105?-
6 5.89 i,ia>'-
7 6.99 1.105'-
8 8.13 1.14+
9 9.41 1.285'-

10 10.42 1.01+
11 11.51 1.09+
12 1 2 .6 1 1.105^
13 13.71 1.10+
14 14.77 1.06
15 15.82 1.05

Average maximum rate for first run; 1118

Run No. 2 (specimen #l)
0 0.00 0.00
1 0.61 0.61
2 1.41 0.80
3 2.50 1.09---
4 3.65 1.15+
5 4.79 1.14+
6 5.97 1.185^
7 7.07 l.ia5'-
8 8.21 1.14+
9 9.35 1.14+

10 10.45 1.105^
11 11.64 1.19̂ '-
12 12.74 1.10
13 13.79 1.05

rerage maximum rate for second run: 1133
3 / ?Average maximum rate for both runs; 1126 imir/cm‘̂ min.
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Table X

Dissolution of Be in 0.75 N HF at 20.0°C

Run No. 1 (specimen #1)
Time Volume at STP A  Vol.

linutes) (ml.) (cm3)
0 0.00 0.00
1 0.97 0.97
2 2.20 1 .2 3
3 3.70 1 .5 0
4 5.33 1 .63+
5 7.05 1.725'-
6 8.72 1 .67*
7 10.40 1.685C-
8 11.89 1.49̂ '-
9 13.48 1.59-5'-

10 15.15 I.67+-
11 16 .6 5 1.50-5'-
12 18.32 1.67̂ 5-
13 19 .8 2 1 .5 0
14 2 1 .4 1 1 .5 9
15 22.99 1 .5 8

Average maximum rate for first run: 1624

Run No. 2 (specimen #1)

0 0.00 0.00
1 0 .9 7 0.97
2 2 .2 9 1 .3 2
3 3 .8 8 I.59-+
4 5 .5 5 1.67-5'-
5 7 .1 4 1.59-5'-
6 8.81 1 .67+
7 10.49 1.685C-
8 1 2 .1 6 1.67-5<-
9 1 3 .7 9 1 .63+

10 1 5 .3 3 1.54-5'-

Average maximum rate for second run: 1630

Average maximum rate for both runs: 1627 mm^/cm^ min.
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Table XI

Dissolution of ^  in 0.05 N HF ^  30.0°C

Run No. 1 (specimen #1)

Time Volume at STP A Vol.
linutes) (ml.) (cm3)

0 0.00 0.00
5 0.72 0 .7 2

10 1.70 0.985̂ -
15 2.59 0.89+
20 3.48 0.89+
25 4 .4 6 0.98+
30 5.4 3 0.97+
35 6 .2 4 0.81
40 7 .1 3 0.89
45 8.06 0.93
50 9.00 0 .9 4

Average maximum rate for first run: 188

2 (specimen #1)

0 0.00 0.00
5 0 .9 4 0.94

10 2.05 1.11+
15 3.08 1 .03+
20 4.06 0.985'-
25 5.05 0.995'-
30 6.03 0.985C-
35 6.8 4 0.81
40 7 .7 0 0.86
45 8.60 0.90
50 9 .4 1 0.81

+■ Average maximum rate for second run; 192
3 2Average maximum rate for both runs: 190 m m y c m  min,
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Table XII

Dissolution of ^  ^  0.10 N Iff a+ 30.0°C

Run No. 1 (specimen #2)
Time

(minutes')
0
510

15
20
25
30
35
40
45
50

Volume at STP_______-
0.00
2.22
4.28
6.338 .38

10.43
12.49
14.45
16.25
18.13
20.01

A Vol.
(cm3) 

0.00 
2.22 
2 .06+ 
2.05+ 
2.05+ 
2.05+ 
2 .06+- 
1 .96+ 
1.80 
1.88 
1.88

Average maximum rate for first run; 385

Run No. 2 (specimen #2)
0 0.00 0.00
5 2.05 2 .05+

10 4.11 2 .06+
15 6.12 2.01-+
20 8 .13 2.01+
25 10.10 1.97+
30 12.11 2.01+
35 13 .9 5 1.84
40 1 5 .7 9 1.84
45 17 .6 3 1.84
50 19 .3 9 1 .7 6

Average maximimi rate for second rim; 381
Average maximum rate for both runs: 383 mm3/cm2 min.
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Table XIII

Dissolution of ^  ^  0.50 N HF ^  30.0°C

Run No. 1 (specimen #2)
Time Volume at STP A  Vol.

linutes) (ml.) (cm3)
0 0.00 0.00
1 1.88 1.88
2 3.85 1.97
3 5.65 1.80-+
k 7.37 1.725̂ -
5 9.17 1.80-+
6 10.96 1.795'-
7 1 2 .7 6 1.805^
8 14.61 1.85-5'-
9 16.36 1.755'-

10 18.16 1.805̂ -
15 27.07 8.91-5'-
20 34.69 7 .6 2
25 42.32 7.63
30 49.94 7 .6 2

Average maximum rate for first run: 1685

Run No. 2 (specimen #2)

0 0.00 0.00
1 1.97 1.97
2 3.94 1.97
3 5.75 1.81-5C-
4 7.55 1.805C-
5 9.52 1.97-5'-
6 11.32 1.80+
7 13.21 1.89-+
8 1 5 .0 1 1.805'-
9 16.81 1.805̂ -

10 18.61 1.805'-
15 27.36 8.75-5'-
20 35.50 8.14
25 43.48 7.98
30 51.11 7.63

Average maximum rate for second run: 1700

Average maximum rate for both runs: 1693 mm^/cm^ min.
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Table XIV

Dissolution of ^  ^  0.75 N ^  ai 30.0°C

Run No. 1 (specdjiien #2)
Time Volume at STP A  Vol.

linutes) (ml.) ( cm^)
0 0.00 0.00
1 2.31 2 .3 1
2 4.79 2.485^
3 7.35 2 .56+
4 9.83 2.485'"
5 12.40 2 .57+
6 14.88 2.48+
7 17.36 2.48-+
8 19.84 2.48+
9 22.24 2.40

10 24.63 2.39
15 3 6 .5 2 11.89
20 47.89 1 1 .3 7
25 58.58 10 .69

Average maximum rate for first run: 2363

Run No. 2 (specirnen #2)

0 0.00 0.00
1 2.27 2.27
2 4 .7 1 2.445'"
3 7 .3 6 2 .65+
4 10.02 2.66+-
5 12 .6 7 2 .65+
6 1 5 .2 4 2.57+
7 1 7 .8 1 2 .57+
8 20.38 2 .47+
9 2 2 .9 1 2 .53+

10 25.35 2.44+
15 37.3 3 11.98
20 48.98 1 1 .6 5

+ Average maximuiii rate for second run: 2419

Average maxinium rate for both runs: 2391 min,
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Table XV

Dissolution of Be in 0,01 N HF at 40.0°C

No, 1 (specimen #1)

Time Volume at STP A  Vol.
(minutes) (ml.) (cm3)

0 0.21 0.00
1 0.51 0,30
2 0.77 0,26+
3 0.94 0.17+
4 1.07 0.13+
5 1.20 0.13+

10 1.80 0.60
15 2.23 0.43
20 2.53 0.30
25 2.79 0.26

Average maximuriL rate for first run: 173

Run No, 2 (specimen #1)

Average barometric pressure: 734*4 imriHg
Average room temperature: 24.33°C

0 0.17 0.00
1 0.34 0.17+
2 0.51 0.17+
3 0.68 0.17+
4 0.86 0.18-+
5 0.94 0.08

10 1.28 0.34
15 1.54 0.26

+ Average maximum rate for second run: 173

Average maximum rate for both runs: 173 mm^/cm^ min.
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Table XVI

Dissolution of Be in 0.05 N HF at 40.0°C

No. 1 (specimen #1)

Time Volume at STP A Vol.
(minutes) (ml.) ( cm3)

0 0.21 0.00
1 0.94 0.73
2 1.24 0.30-+
3 1.49 0.25*
4 1.66 0 .175^
5 1.92 0.26+

10 2.98 1 .0 6
15 3.88 0.90
20 4.82 0.94
25 5.88 1.0 6
30 6.91 1.0 3

+- Average maximum rate for first run: 245

R-un No. 2 (specimen #1)

0.0 * 0.21 0.00
0.5 0.68 0.47
1.0 0.94 0.26
1 .5 1 .0 7 0.13-5'-
2.0 1 .3 6 0.295'-
2.5 1 .5 3 0.175'-
3.0 1 .7 0 0.175'-
3 .5 1.83 0 .135^
4.0 2.09 0.26+
4 .5 2.26 0.175'-
5.0 2.43 0.175'-
6.0 2.64 0.21
7.0 2.90 0.26
8.0 3.0 7 0 .17
9.0 3 .3 2 0.25

10.0 3 .4 1 0.09

Average maxim-um rate for second run: 373

Average maximum rate for both runs: 309 min.
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Table XVII

Dissolution of ^  dm 0,10 N HF ^  40>0°C

Run No. 1 (specimen #1)
Time

(minutes)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0

Volume at STP
(”5l*)

0.21
0.85
1.23
1.53
1.79
2.09
2.38
2.60
2.81
3.07
3.28

A  Vol.
( cm.3)

0.00
0.64
0.38
0 . 305'-
0.26+
0 .30+
0.29+
0.22
0.21
0.26
0.21

Average maximum rate for first run; 575

Run No. 2 (specimen #1)
0.00 0.21 0.00
0.25 0.51 0.30
0.50 0.76 0.25
0.75 0.93 0.17
1.00 1 .0 6 0.13
1.25 1.19 0.13+
1.50 1.31 0.125'-
1.75 1.48 0.17+
2.00 1.69 0.21+
2.25 1.86 0.17+
2.50 1.95 0.09+
2.75 2.12 0.17+
3.00 2.20 0.08+
3.50 2.46 0.265^
4.00 2.71 0.25+
4.50 3.05 0.34+
5.00 3 .2 6 0.21

+ Average maximum rate for second run; 
Average maximum rate for both rims:

569

572 mm3/cm^ min.
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Table XVIII

Dissolution of ^  in 0.50 N HF at 40.0°C

Rim No. 1 (specimen #1)

Time Volume at STP A  Vol.
mutes) (ml.) ( cm3)
0.00 0.21 0.00
0.25 1.18 0.97
0.50 1.60 0.42
0.75 2.40 0.805'-
1.00 3.08 0.685̂ -
1.25 3.79 0.71+
1.50 4.30 0.51+
1.75 4.S9 0.59̂ '-
2.00 5.39 0.505C-
2.25 5.98 0.59̂ '-
2.50 6.49 0.51+
2.75 7.08 0.595̂
3.00 7.75 0.67+
3.50 8.85 1.105C-
4.00 9.99 1 .14+
4.50 11.04 1.0 5
5.00 12.14 1.10

Average maximum rate for first run: 2397

Run NO. 2 (specimen #1)

0.00 0.21 0.00
0.25 0.85 0.64
0.50 1 .4 4 0.59
0.75 2.11 0.67+
1.00 2 .7 1 0.605'-
1 .2 5 3.30 0.59 '̂-
1 .5 0 3.89 0.59̂ '-
1 .7 5 4 .5 7 0.685C-
2.00 5.24 0.67+
2.25 5.83 0.59^
2.50 6.34 0.51+
2.75 6.93 0.59^̂
3.00 7 .5 2 0.59-5'-
3.50 8.66 1 .14+
4.00 9.81 1 .15+
4.50 10 .9 1 1.10
5.00 12.0 5 1 .1 4

Average maximum rate for second imm: 2391

Average maximum rate for both runs: 2394 mm^/cm^ min,
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Table XIX

Dissolution of Be in 0,75 N HF at 40.0°C

Run No. 1 (specimen #1)

Time Volume at STP A  Vol.
nutes) (ml.) (cm3)
0.00 0.21 0.00
0.25 1.18 0.97
0.50 2.06 0.88"+
0.75 3.08 1.025'-
1.00 3.88 0.8CHC-
1.25 4.76 0.885'“
1 .5 0 5.60 0.84+
1.75 6.57 0.97+
2.00 7.41 0.84+
2.25 8.26 0.85+
2.50 9.18 0.925-
2.75 10.07 0.89+
3.00 10.91 0.84+
3.50 12.55 1.64+
4.00 14.32 1.77+-
4.50 1 6 .0 1 1.69
5.00 17.69 1.68

Average maximum rate for first run: 3504

Run No. 2 (specimen #1)

0.00 0.21 0.00
0.25 1.19 0.98
0.50 1.95 0.76+
0.73 2.88 0.93+-
1.00 3.73 0.85+
1.25 4.49 0.76+
1 .5 0 5.43 0.94+
1.75 6.28 0.85+
2.00 7.12 0 • 84+
2.25 7.97 0.85+
2.50 8.73 0.76+
2.75 9.67 0.94'--
3.00 10.52 0.85+
3.50 12.21 1.69-+
4.00 13.91 1.705^
4.50 15.44 1.53
5.00 17.13 1.60

Average maximum rate for second run: 3392
O

Average maximum rate for both runs: 3448 mm-̂ /cm'̂  min.
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Table XX

Dissolution of Be ^  0,01 N HF aX 50«0°C

Run No. 1 (specimen #l)

Time Volume at STP A Vol,

0.00 0.51 0.00
0.25 1 .2 0 0.69
0.50 1.8 8 0.68
0.75 2.26 0.38
1.0 0 2.48 0.22
2.00 2.86 0.38+
3.00 3 .0 7 0.21+
4.00 2 .16 0.09
5.00 3 .2 4 0.08

10.00 3 .5 4 0.30
15.0 0 3 .7 6 0 .22
20.00 3.97 0 .2 1

Average maximum rate for first run: 300

2 (specimen #1 )

0.00 0 .5 1 0.00
0.25 1 . 1 1 0.60
0.50 1 . 7 1 0.60
0.75 1 .9 7 0.26
1.0 0 2.18 0 .2 1
2.00 2.69 0.51+
3.00 3 .1 6 0.47+
4.00 3 .4 2 0.26+
5.00 3 .5 5 0 .13

10.00 4 .2 7 0.72
15.00 4 .70 0.43

Average maximum rate for second run: 413

Average maximum rate for both runs: 357 mm3/



Table XXI
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Run No. 1

Dissolution of Be in 0.05 N HF at 50.0°C

1 (specimen #l)

Time Volume at STP A  Vol.
linutes) (ml.) (cm3)
0.00 0.51 0.00
0.25 1.11 0.60
0.50 1.80 0.69
0.75 2.14 0 .3 4
1.00 2.40 0.26
1.50 2.70 0.30+
2.00 2.96 0.26+
2.50 3.22 0.26+
3.00 3.39 0.17+
3.50 3.60 0.21+
4.00 3.77 0 .1 7
4.50 3.94 0 .1 7
5.00 4.16 0.22

Average maximum rate for first run: 480

2 (specimen #1)

0.00 0.51 0.00
0.25 1.97 1 .4 6
0.50 2.66 0.69
0.75 2 .96 0.30
1.00 3 .1 7 0.21
1.50 3 .5 2 0.35-'̂ -
2.00 3 .7 3 0.21+
2.50 3 .8 6 0.13+
3.00 4 .1 2 0.26+
3.50 4 .2 5 0 .13
4.00 4 .3 8 0 .13
4.50 4 .50 0.12
5.00 4 .6 8 0.18

Average maximum rate for second run; 475

Average maximum rate for both ;
Q

runs: 478 imr/^



Table XXII

Dissolution of ^  ^  0,10 N HF ^  50.0°C
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Run No, 1 (specimen #1)

Run No,

Time Volume at STP A  Vol.
ainutes) (ml.) ( cm3)
0,00 0.50 0.00
0,25 1.51 1.01
0,50 2.09 0.58
0.75 2.43 0 .34
1.00 2.68 0.25+
1.25 2.93 0.25+
1.50 3.22 0.29-+
1.75 3.51 0.29̂ '-
2.00 3.68 0.17+
2.25 3.85 0.17+
2.50 4.02 0.17+
2.75 4.27 0.25+
3.00 4.39 0.12
3.50 4.73 0.34
4.00 5.02 0.29
4.50 5.31 0.29
5.00 5.57 0.26

Average maximum rate for first run: 920

2 (specimen #1)

0.00 0.50 0.00
0.25 1.34 0.84
0.50 1.93 0.59
0.75 2.22 0.29
1.00 2.56 0.34+
1.25 2.85 0.29+
1.50 3.0 6 0.21+
1.75 3.31 0.25+
2.00 3.52 0.21+
2.25 3.69 0.17+
2.50 3.85 0.16+
2.75 4.06 0.21+
3.00 4.23 0 .1 7
3.50 4 .4 8 0.25
4.00 4.82 0 .34
4.50 5.0 7 0.25
5.00 5 .3 6 0.29

Average maximum rate for second run: 920

Average maximum rate for both runs: 920 mm-
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Table XXIII

Dissolution of Be in 0,50 N ^  50>0°C

Run No* 1 (specimen #1)

Time Volume at STP A  Vol.
.nutes) . (ml.) (cm3)
0.00 0.51 0.00
0.25 1 .6 2 1.11
0.50 2.89 1.27
0.75 3.91 1.02-+
1.00 4.80 0.89+
1.25 5.65 0.85+
1.50 6.55 0.90+
1.75 7.40 0.85+
2.00 8 .16 0.76
2.25 8.93 0.77
2.50 9.56 0.63
2.75 10.37 0.81
3.00 11.14 0.77
3.50 12.58 1.44
4.00 14.11 1.53
4.50 15.47 1 .3 6
5.00 17 .0 0 1 .5 3

Average maximum rate for first run: 3^08

Run No* 2 (specirnen #1)

0.00 0 .5 1 0.00
0.25 1 .7 0 1 .1 9
0.50 2.81 1.11
0 .75 3 .7 5 0 .94^̂
1.00 4.60 0.85+
1 .2 5 5.49 0.89̂ «-
1 .5 0 6.39 0.90̂ '-
1.75 7 .2 4 0.85+
2.00 8.18 O.94+-
2.25 9.11 0.93'--
2.50 9.96 0.85+
2 .7 5 10 .90 0.94+
3.00 11.75 0.85+
3 .5 0 13 .3 7 1 .6 2
4.00 15 .0 8 1 . 7 1
4 .50 1 6 .7 4 1.66
5.00 18.40 1.66

Average maximum rate for second run: 3576

Average maximum rate for both inms: 3592 mm3/cm^ min,
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Table XXIV

Dissolution of ^  dm 0.75 N HF ^  50.0°C

Run No. 1 (specimen #l)

Run No.

Time Volume at STP A Vol.
Lnutes) (ml.) ( cm3)
0.00 0 .5 1 0.00
0.25 2 .2 1 1 .7 0
0.50 3.74 1.53
0.75 5 .2 7 1 .5 3
1.00 6 .55 1 .28-x-
1 .2 5 7 .3 3 1.28-+
1 .5 0 9.06 1 .23+
1 .7 5 10.38 1 .32+
2.00 1 1 .4 9 1.11
2.25 12.68 1 .1 9
2,50 13 .8 3 1 .1 5
2 .75 15 .0 2 1 .1 9
3.00 16 .3 4 1 .3 2
3.50 18.55 2.21
4.00 20.93 2.38
4.50 2 3 .14 2.21
5.00 25.27 2 .13

1 (specimen #1)

0.00 0 .5 1 0.00
0.25 2 .2 7 1 .7 6
0.50 3.85 1.58
0 .75 5.4 4 1 .5 9
1.00 6.85 1 .41+
1 .2 5 8.09 1 .24+
1 .5 0 9.42 1 .33+
1 .7 5 1 0 .7 1 1 .29-''-
2.00 11.95 1 .24+
2.25 1 3 .1 5 1.20
2.50 14 .3 9 1 .2 4
2 .7 5 15 .6 3 1 .2 4
3.00 16 .8 7 1 .2 4
3 .5 0 19 .1 0 2.23
4.00 21.58 2.48
4 .50 23.81 2.23
5.00 2 6 .12 2 .3 1

-X- Average maximum-rate for second run; 

Average maximum rate for both runs:

5208
5159 min.
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Table XXV

Effect of Stirring Speed on Dissolution Rate
(O.IO N HF-30°Cl

75 RPM (specimen #1) 

Time
(minutes)

0
5

10
15
20
25
30
35
40

Volume at STP_______(^*3_______
0.00
1.02
2.13
3.33
4.52
5.72
6.91
8.11
9.31

A  Vol.
(cm3) 

0.00 
1.02 
1.11 
1 .20+ 
1.19+ 
1 . 20+ 
1.19+ 
1 . 20+ 
1 . 205'-

Average maximum rate: 239 mm3/cm^ min.

150 RPM (specimen #l)

0 0.00 0.00
5 1 .5 4 1 .5 4

10 3 .1 3 1.59+
15 4 .7 2 1.59̂ '-
20 6.26 1.54+
25 7.85 1 .59 '̂
30 9.43 1 .58-+
35 10.97 1 .5 4
40 12.48 1 . 5 1

Average maximum rate: 316 iran3/cm̂  min.



Table XXVI

Effect of Stirring Speed on Dissolution Rate
T ^ O  N HF-30°cl

200 RPM (specimen #1)
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Time Volume at STP A Vol.
.nutes) (ml.) (cm3)
0 0.00 0.00
1 0.34 0.34+
2 0.68 0.34+
3 1.0 6 0.385'-
4 1.44 0.385C-
5 1.87 0.43+

10 3.73 1.86+
15 5.43 1 .7 0
20 7.30 1.87+
25 9.16 1.86+
30 10.82 1.66
35 12 .5 6 1 .7 4
40 1 4 .1 7 1 .6 1

liverage maximum rate; 373 mm^/cm^ min.

(specimen #1)

0 0.00 0.00
5 2.09 2.095'-

10 4.18 2 .O9-+
15 6.26 2.085C-
20 8 .3 1 2.05+
25 10.40 2 .09 '̂-
30 1 2 .3 1 1 .9 1
35 1 4 .1 9 1.88

o 2Average maximum rate; 416 mnr/cm min.
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Table XXVII

Effect of Stirring Speed on Dissolution Rate
(0.10 N HF-.30°c5

300 RPM (specimen #1)

Time Volume at STP A Vol. 
( cm?)

0 0.00 0.00
1 0.43 0.43
2 0.95 0 .5 2
3 1 .5 5 0.60
4 2.11 0 .65
5 2 .5 8 0.47

10 4*82 2 .24+
15 7.0 5 2 .23+
20 9.29 2 .24+-
25 1 1 .5 3 2 .24-+
30 13 .5 9 2.0 6
35 15 .4 8 1.89

Average maximum rate; 448 3/ 2 mnr/cm min.

(specimen #1)

0 0.00 0.00
1 0 .3 4 0.34
2 0.69 0 .35
3 1 .3 8 0 .69
4 1.89 0 .5 1
5 2 .3 2 0.43

10 4.86 2 .54+"
15 7.4 0 2 .54+
20 9.55 2 .1 5
25 1 1 .9 6 2 .4 1
30 1 4 .2 8 2 .3 2
35 1 6 .5 2 2 .2 4
40 18 .50 1 .9 8

Average maximum rate: 508 mm3/cm^ min.



Table XXVIII

Effect of Stirring Speed on Dissolution Rate 
(O.IO N HF-30°cl
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525 RPM (specimen #l)

[■ime Volume at STP A Vol.
lutes) (ml.) ( cm3)
0 0.00 0.00
1 0 .5 1 0.51+
2 1.20 0.69-+
3 1.80 0.60+
4 2 .44 0.64-+
5 3.00 0 .56+

10 6.00 3 .00+
15 8 .9 2 2.92-+
20 1 1 .5 3 2 .6 1
25 1 4 .1 5 2 .6 2
30 16 .6 3 2.48
35 1 9 .1 2 2.49

Average maximum rate: 595 mm^/cm^ min.
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The Effect on Dissolution Rate of Adding 2 drops of
concentrated HAuCl, to 0.10 N HF at 30.0°C4

Table XXIX

(specimen #2)
Time
(min.)

Volume at STP A  Vol. 
( cm3)

Rate
(mm3/cm^ min.)

0 0.00 0.00
5 1.63 1.63

10 3.60 1.97+-
15 5.65 2.05+ Avg. 3i
20 7.70 2.05+

0 0.00 0.00
5 1.93 1.93 364

10 3.81 1.88 355
15 5.91 2.10 396
20 8.39 2.48 468
25 10.96 2.57 485
30 13.95 2.99 564
35 16.78 2.83 534
40 19.69 2.91 549
45 22.43 2.74 517
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The Effect on Dissolution Rate of Adding 2 drops of 
concentrated PtCl/. to 0*10 N HF at 30.0°C

Table XXX

(specimen #2)

Time Volume at STP
(min.) _____ (ml.)

A  Vol. 
(cm3)

Rate
(mm3/cm^ min.)

0 0.00 0.00
5 1-55 1.55

10 3.35 1.80
15 5.24 1.89̂ '- Avg. :
20 7.17 1.93+

0 0.26 0.00
5 0.69 0.43

10 2.23 1.54
15 4.72 2.49 470
20 7.29 2.67 504
25 9.79 2.40 453
30 12.20 2.Z0- 455
35 14.43 2.23 421
40 16.66 2.23 421
45 18.90 2.24 423
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Table XXXI

The Effect on Dissolution Rate of Adding 2 ml. of
0.1 Molar NiCl2 * 6 H2O to 0.10 N HF at 30.0°C

Time Volume at STP A  Vol. Rate
’min.) (ml.) (cm3} (mar/cm^

0 0.00 0.00
5 1.85 1.85

10 3.8 6 2 .01+
15 5 .7 9 1.93+- Avg. 37'
20 7.81 2.02

0 0.00 0.00
5 2 .1 5 2 .1 5 406

10 3 .9 9 1.84 347
15 5 .7 5 1 .7 6 332
20 7 .4 7 1 .7 2 325
25 9-10 1 .6 3 308
30 10 .7 3 1 .6 3 308



Table XXXII
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The Effect on Dissolution Rate of Adding 2 ml. of
0.1 Molar CuSO4 5H^0 to 0.10 N HF at 30.0°C

(specimen #2)

Time
(min.)

0
5

10
15
20

Volume at STP 
____

0.00
1.71
3.51
5.40
7.28

A Vol.
(cm3) 

0.00 
1.71 
1.80 
1.89̂ '- 
i.sm

Rate
(imn.3/cm^ min.)

Avg. 356

0
5

10
15
20
25
30

0.00
1 . 7 1
3 .4 3
4 .9 7
6.21
7.54
8 .78

0.00
1 . 7 1
1 .7 2  
1 .5 4
1.24
1 .3 3
1 .2 4

323
325
291
234
251
234
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The Effect on Dissolution Rate of Adding 2 ml. of 
0.1 Molar Pb(N03) to 0.10 N HF at 30.0°C

Table XXXIII

(specimen #2)

Time Volume at STP 
(min.) _____ (ml,)

A Vol. 
( cm3)

Rate
(irim3/cm^ m in .)

0 0.00 0.00
5 1.54 1.54

10 3.47 1.93+
15 5.40 1.93+- Avg. :
20 7.19 1.79

0 0.00 0.00
5 1.93 1.93 364

10 3.43 1.50 283
15 4*54 1.11 209
20 5.65 1.11 209
25 6,68 1.03 194
30 7-62 0.94 177
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The Effect on Dissolution Rate of Adding 2 ml* of 
0.1 Molar AgN03 to 0.10 N HF at 30.0°C

(specimen #2)

Table XXXIV

Time 
min.)

Volume at STP 
(ml.)

A VOl.
(cm3)

Rate
(nnn3/cm^

0 0.00 0.00
5 1.71 1.71

10 3.67 1.96* 370 Av
15 5.63 1.96+
20 7.51 1.88

0 0.00 0.00
5 1.54 1.54 291

10 2.65 1.11 209
15 3.50 0.85 160
20 4.27 0.77 145
25 4.95 0 .68 128
30 5.59 0 .6 4 121



Table XXXV

Dissolution of Be in 0.20 N HCl at 10.0°C
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(specimen #2)

Time
(minutes)

0
5

10
1520
25
30

Volume

0 .0 0
0 .0 0
0 .0 0
0 .0 0
0.00
0 .0 0
0 .0 0

Dissolution of Be in 0.50 N HCl at 10.0°C

(specimen #2) 

Time
(minutes)

0
5

10
15
20
25
30
35
40

Volume at STP
____

0 .0 0  
0.00  
2.44 
7.41 

14.02 
21.39 
28.89 
36.22 
43.38

A  Vol.
( cm3) 

0 .0 0  
0 .0 0  
2.44 
4.97 
6.6l 
7.37+- 
7.50+ 
7.33+- 
7.16

Average maximum rate: 1396 mm^/cm^ min.



Table XXXVI
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Dissolution of Be in 0.20 N HCl at 20.0°C

(specimen #2)

Time Volume at STP A  Vol.
(minutes) (ml.) (cm3)

0 0.00 0.00
5 0.08 0.08

10 0.08 0.00
15 0.68 0.60
20 1.95 1 .2 7
25 4.07 2.12
30 7 .0 4 2.97
35 10.09 3 .0 5
40 13 .4 8 3 .3 9
45 1 7 .3 8 3 .90+
50 20.86 ' 3.485'-
55 24.42 3 .56*
60 27.94 3.525'-
65 3 1.4 6 3.525C-
70 34 .76 3 .3 0
75 38.07 3 .3 1

+ Average maximum rate: 678 mm3/cm^ min.

Dissolution of Be in 0.50 N HCl at 20.0°C

(specinen #2) 
Time

(minutes)
Volume at STP 

(ml.)
A  Vol. 
(cm3)

0 0.00 0.00
5 2.93 2.9 3

10 10 .69 7 .7 6
11 12 .3 9 1 .7 0
12 14 .2 9 1.905'-
13 16 .20 1 .91+
14 17 .9 8 1.785^
15 19 .8 5 1.87-5'-
16 2 1.6 3 1.785̂ -
17 2 3 .4 1 1.785'-
18 25.24 1.83+
19 27.02 1.785'-
20 28.80 1.785'-

Average maximum rate: 1720 mm-^/cm^ min.



Table XXXVII

Dissolution of ^  in 0.05 N HCl at 30.0°C
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(specimen #2)

Time Volume at STP A  Vol.

0 0.00 0.00
5 0.17 0.17

10 0.17 0.00
15 0.17 0.00
20 0.17 0.00
25 0.17 0.00
30 0.33 0.16+
35 0.50 0.17+
40 0 .50 0.00
45 0.59 0.09

+• Average maximum rate: 31 mm-^/cm^ min.

Time Volume at STP A  Vol.
(minutes) (ml.) ( cm3)

0 0.00 0.00
5 0.29 0.29

10 0.50 0.21
15 0.58 0.08
20 0.92 0.34
25 1.67 0.75
30 2 .5 0 0.83
35 3.71 1.21
40 5.41 1.705̂ -
45 7.00 1.59-5'-
50 8.66 1.66+
55 10.20 1.54

5'- Average maximum rate: 3 H  min.



Table XXXVIII

Dissolution of ^  ^  0,20 N HCl at 30.0°C
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(specimen #2)

Time Volume at STP A  Vol.
.nutes) (ml.) (cm3)

0 0.00 0.00
1 0.17 0 .1 7
2 0.17 0.00
3 0.17 0.00
4 0.21 0 .0 4
5 0.38 0 .1 7
6 0.67 0 .2 9
7 0.88 0.21
8 1.22 0 .3 4
9 1.59 0 .3 7

10 2.05 0 .4 6
11 2.51 0 .4 6
12 3.02 0 .5 1
13 3.69 0 .6 7
14 4.27 0 .5 8
15 5.03 0 .7 6
16 5.78 0.75
17 6.54 0 .7 6
18 7.29 0 .7 5
19 8.04 0 .7 5
20 8.80 0 .7 6
21 9.64 0.84
22 10.39 0.75
23 11.23 0.84+
24 12.15 0.925'-
25 13.03 0.8855-
26 13.97 O.94+-
27 14.90 0.93-5'-
28 15.80 0.9055-
29 16 .6 9 0.89̂ 5-
30 1 7 .5 4 0.85+
31 18.35 0.81
32 19 .2 0 0.85
33 20.01 0.81

Average maximinn rate: 843 nniP/cm^ min.



Dissolution of ^  in 0.50 N HCl at 30.0°C

Table XXXIX

94

(specimen #2)

Time Volume at STP A  Vol.
nutes) (ml.) ( cm3)

0 0.00 0.00
1 0.25 0.25
2 1.09 0.84
3 2.59 1.50
4 4.51 1.92
5 6.69 2.18
6 9.19 2.50
7 1 1 .6 2 2.43
B 13.79 2.17+
9 16.05 2 .26*

10 18.22 2.17̂ 5-
11 20.39 2.17+
12 22.57 2.1855-
13 24*66 2.09+
14 26.83 2.17+
15 29.00 2.17+
16 31.18 2.1855-

Average maximum rate: 2050 mm3/cm^ min.



Dissolution of ^  in 0.10 N HCl at 40.0°C

Table XXXX
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(specimen #2) 

Time
(minutes)

0
5

10
15
20
25
30
35
40
45

Volume at STP
____ to*)

0.21
1.40
2.68
3.95
5.78
7.73
9.72

11.72
13.76
15.67

A  Vol.
(cm3) 

0.00  
1.19 
1 .2 8  
1.27 
1.83 
1.95+- 
1.99+
2 . 0055-

2.04+
1.91

Average maximum rate: 376 mm3/cm^ min.
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Table XXXXI

Dissolution of ^  ^  0,20 N HCl at 40.0°C

(specimen #2)

Time Volume at STP A Vol.
Lnutes) (ml.) ( cm3)

0 0.21 0.00
1 0.34 0.13
2 0.59 0.25
3 0.98 0.39
4 1.27 0.29
5 1.66 0.39
6 2.21 0.55
7 2.89 0.68
8 3.65 0 .7 6
9 4.37 0 .7 2

10 5 .2 6 0.89
11 6.11 0.85
12 7.00 0.89
13 7.94 0.94
14 8.91 0.97
15 10.02 1.11+
16 11.04 1.0255-
17 11.97 0.93+
18 12.99 1.0255-
19 14.01 1.0255-
20 15.11 1.1055-
21 16.13 1.0255-
22 17.23 1.10+
23 18.21 0.98*
24 19.19 0.9855-
25 20.29 1.10+
26 21.27 0.98+
27 22.41 1 .14+
28 23.39 0.9855-
29 24.45 I.06+-
30 25.39 0.94

Average maximum rate: 977 mn? /  cn?



Table XXXXII

Dissolution of ^  ^  0.50 N HCl at 40.0°C
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(specimen #2)

Time Volume at STP A  Vol.
nutes) (ml.) ( cm3)

0 0.21 0.00
1 0.68 0.47
2 3.40 2 .7 2
3 6.30 2.90
4 9.19 2.89
5 12.34 3 .1 5
6 15.15 2.81+
7 17.96 2.81*
8 20.85 2.89*
9 2 3.66 2.81+

10 2 6 .5 5 2.89+
11 29.45 2 .90+
12 3 2 .1 7 2 .7 2
13 34 .9 8 2.81
14 3 7 .7 9 2.81
15 40.68 2.89*
16 43.58 2 .90^̂
17 4 6 .4 7 2.89*
18 49.28 2.81
19 52.09 2.81
20 54.90 2.81
21 5 7 .7 0 2.80

Average maximum rate: 2703 mm^/cm^ min.



Table XXXXIII

Dissolution of ^  in 0,20 N HCl at 50>0°C
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(specimen #2)

Time Volume at STP A Vol.
ainutes) (ml.) ( cm3)

0 0.85 0.00
1 1.88 1 .0 3
2 2.82 0.94
3 3.58 0 .7 6
4 4.35 0.77
5 5.29 0.94
6 6.32 1 .0 3
7 7.34 1.02
8 8.45 1.11
9 9.64 1 .19+

10 10.84 1.20+
11 12.03 1 .19+
12 13.23 1.2055-
13 14.51 1.28+
14 1 5 .6 2 1.11+
15 16 .9 0 1.28+
16 18.13 1 .23+
17 19 .3 3 1.20+
18 20.40 1 .07+
19 21.68 1.28+
20 2 2 .9 1 1 .23+
21 24.07 1 . 1 6
22 25.26 1 .1 9
23 2 6 .54 1.28
24 2 7 .7 4 1.20
25 28.93 1 .1 9

Average maximum rate: 1137 mm-^/cm^ min.
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Table XXXXIV

Dissolution of Be in 0.50 N HCl at 50.0°C

(specimen #2)

Time Volume at STP A Vol.
Lutes) (ml.) ( cm^)
0 0.85 0.00
1 3.32 2.47
2 6.81 3 .4 9
3 10.55 3 .7 4
4 14.38 3.83+
5 18.21 3.83*
6 22.13 3 .92+
7 25.87 3 .74+
8 29.79 3 .92+
9 34.02 4 .2 5

10 37.95 3 .91+
11 42.29 4.34
12 46.63 4 .3 4

+“ Average maximum rate: 3640 mm^/cm^ min.
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