
RICE UNIVERSITY 

THE FORMATION ENERGY OF QUENCHED-IN 

VACANCIES IN PURE COPPER 

Kou-chi, Lin 

A THESIS SUBMITTED 
IN PARTIAL FULFILMENT OF THE 
REQUIREMENTS FOR THE DEGREE OF 

MASTER OF SCIENCE 

Thesis Director's Signature: 

Houston, Texas 
May, 1964 



TABLE OF CONTENTS 

Page 

Abstract 

Introduction 1 

Experimental Procedure and Results 6 

Discussion 22 

Conclusions 25 

Appendices 26 

References 38 

Acknowledgement kO 



ABSTRACT 

The formation energy of quenched-in vacancies in pure copper was 

studied "by resistivity measurements. Various methods were used to 

heat the specimens. It was found that it was very difficult to pre¬ 

vent copper from dissolving oxygen at elevated temperatures. 

Once the specimen was contaminated, it was not possible to con¬ 

tinue using it because of spurious effects due to impurities. The 

best technique found was to heat the specimen with electrical current 

in an inert gas and quench in ice water. Although oil was tried, it 

appeared not to cause a sufficiently fast quench rate. 

The foimation energy of vacancies in copper was found to be 

= 1.0 + 0.1 ev which is in very good agreement with Germagnolis' 

result = 1.0 + 0.1 ev^^. 



INTRODUCTION 

Rapid quenching along with resistivity measurements has been used 

(2) 
to determine the formation energy of vacancies in many metals . How¬ 

ever, for pure copper, owing to the difficulty of keeping the sample 

pure at high temperature, there is no detailed data. With this point 

of view, this experiment has been devoted to investigating different 

methods for determination of the formation energy of a vacancy in 

copper. 

In metals, rapid quenching may retain the high temperature thermo¬ 

dynamic equilibrium concentration of point defects. According to 

( 
Seitz* and Huntington's calculation' , the number of vacancies is 

vastly greater then the number of interstitials. 

The concentration of vacancies in the lattice can be expressed by 

the following formula. 

Where C = Ac exp (-E_/K Tj  (l) 
i tj 

C = Concentration of vacancies 

At= Constant 

= Formation energy of vacancies 

K = Boltzman constant 

TA = Absolute temperature of quenching 
’•i 

Vacancies cause a large increase in the resistivity of a metal 

and thus resistivity is a convenient measure of this vacancy concen¬ 

tration. 

The resistivity of a pure metal, by Mathiessen's rule, can be 

thought of as being made up of two parts. One part is due to the thermal 



-2- 

vibrations of the latticey T, (at low temperatures, the effect of lat¬ 

tice vibrations is relatively small) and the second part is due to 

various defects in the lattice, namely, vacancies, foreign atoms and 

dislocations. These defects cause electron scattering which increases 

the resistance. A metal with a perfect lattice would have no resistance 

at absolute zero temperature. Therefore the resistance can be regarded 

as a measure of the deviation of the sample from a low temperature per¬ 

fect lattice structure. 

Since we wish to measure the resistivity change due to vacancy 

formation, we can expand Mathiessen's rule to 

f =  (2) 
J3 —   Total resistivity 

j>T    •— Resistivity due to 

thermal vibration 

u — — Resistivity due to all 

lattice aside from 

vacancies 

-—-—- Resistivity due to vacan¬ 

cies 

To measure the resistance change due to quenching, it is neces¬ 

sary to measure the resistance of the quenched and of the annealed 

specimen at the same temperature. This makes the same in all 

measurements, (at low temperature, it also makesyT small). To obtain 

the change in it is also necessary to keep to constant during the 
cycle. (A cycle consists of quenching the specimen, measuring the 

resistance, annealing, and then measuring the resistance again.) 
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This is possible if the specimen is not contaminated on heating or 

quenching and if no additional dislocations are introduced by quench¬ 

ing. fy will be proportional to the vacancy concentration C. If + f- 

is the same before and after the cycle. 

Af= A,Pv = <3C   (3) 

The actual resistance change for each cycle is given by the changes 

in resistivity plus a term due to dimensional changes. 

AR = R^ - RA = ARV+ARa +ARS (4) 

where A R = Actual resistance change 

Rn = Resistance reading of quenched specimen 

A Ry = Resistance change due to vacancies 

R^ = Resistance of annealed specimen 

A Rd = Resistance change due to contamination 

A R = Resistance change due to plastic deformation 
s 

If we measure the resistance at two different temperatures such 

as liquid nitrogen and room temperature, we may exclude the term A R s 

by calculation (Appendix l). 

The formation of vacancies is dependent on temperature; the higher 

the quenching temperature the larger the number of vacancies formed. 

The vacancy formation (or A Ry) is almost reversible during each cycle 

under the same conditions. However, because of contamination it is 

difficult to reproduce identical conditions. If the contamination is 

irreversible, then the impurity concentration can be estimated from 

the resistance increase on successive cycles. Two types of impurities 

can be distinguished: 

a) Metallic impurities   with relatively low diffusivities 
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which evaporate onto the specimen via the vapor phase from the furnace 

wall, etc. 

b) Faster diffusing gaseous impurities which might enter or leave 

the specimen from the atmosphere. 

As diffusivities of the metallic impurities are relatively low, 

the spurious effects on the resistance due to these impurities should 

be small compared with gaseous impurities. The initial purity of the 

specimen is quite important also. 

If all of the vacancies or a constant fraction of the vacancies 

are quenched in, the formation energy can be obtained from the varia¬ 

tion of quenched-in resistance A 5v versus the quenching temperature. 

Afv^dC = fA.exp(-Ef/KT)  (5) 

or = Aexp ( ) 

where A = f A. 

Theoretical estimates the vacancy concentration at temperature 

700°C to 1000°C vary from 10 ^ to 10 \ (4),(5) Because the vacancy 

concentration is a very sensitive function of temperature, it is neces¬ 

sary that the entire specimen be heated uniformly. A furnace system 

is the best for this requirement. However, a furnace has the disad¬ 

vantage that not only the specimen, but also the surrounding gases and 

container walls are heated, which increases the possibility of contami¬ 

nation of the specimen. 

There are several possible quenching media, namely ice water, oil, 

or gases. It is necessary to quench the specimen rapidly and without 

(6) 
contamination. According to H. Kimura^ , ice water is the most satis¬ 

factory quenching medium. The specimen size also affects the quench- 



ing rate' . The smaller the diameter of the specimen, the faster the 

quenching rate. However, for a furnace system, the specimen will in¬ 

evitably fall through a cooler zone before entering the quench media. 

In order to minimize the temperature drop during this time interval, 

the specimen must have some minimum size. 

For reasonable specimen dimensions, the resistance is small (less 

than 1 ohm). In order to measure this accurately it is necessary to 

eliminate the effects of lead resistance. This is done using four 

terminal resistors and a bridge type circuit as shown in Fig. 1, 2(a,b). 

The change in resistivity due to the quenched-in vacancies is usually 

very small (i.e., 10 ^ to 5*10 ^ ohmcm at quenching temperature from 

600°C to 1000oC)^^ . This is comparable to resistivity changes 

resulting from temperature fluctuations of O.lU to J°C. In order to 

minimize this effect what actual!y is measured is the ratio of the 

specimen resistance to that of a well annealed reference of the same 

material, both immersed in the same temperature bath. 



-6- 

EXPERIMENTAL PROCEDURE AND RESULTS 

Method 1: 

1) O.O5O inch diameter specimen of 99*999i° pure copper (from 

American Smelting & Refining Co.) was drawn through dies to 0.010 inch 

and then rolled to 0.002 inch strip. A 3 foot long strip was wrapped 

around a one-eighth inch diameter quartz rock as shown in Fig. 3* 

2) The specimen was heated in the center of a vertical 2 in x 

(a b) 4 ft long Inconel tube furnace shown in Fig. 4' , . The quartz rock 

was supported by a nickel rod. The specimen temperature was measured 

by a platinum thermocouple inside the statinless steel tube in the fur¬ 

nace. 

3) The furnace temperature was controlled and held uniform by 

four separate temperature regulators. Each regulator controlled the 

temperature length along the tube. The circuit diagram for controll 

system is shown in Fig. 5. Typical temperature gradients in the fur¬ 

nace for several different quenching temperatures are shown in Table 1 

and the temperature gradient for quenching temperature at 850°C is 

shown in Fig. 6. 

TABLE 1. TEMPERATURE GRADIENTS IN THE FURNACE 

Distance ^ 
from top 

Temp \ 
°C j 

Temp! 
°C | 

Temp 
°C 0 

CD
 Temp 

°C 
Temp 

°C 

17 " 942 965. j 778 902 703 747 
22 " 945 | 988 | $03 1004 ; 711 756 

27 ” 942 983 1 8o4 j 1003 j 717 757 

33 ” 945 1 972 j 786 , 993 i 714 735 

The specimen was held in the region 22 inches to 25 inches from the 

top of the furnace. The temperature uniformity shown in Table 1 is 

well within the required limits. 



-7- 

4) Helium gas was used as a furnace atmosphere. A flow rate of 

about 100 cc/min was maintained. The oxygen contents of the Helium 

at the furnace inlet and the exhaust were determined by a Beckman 

Model 80 Oxygen Trace analyzer. These values were 0.5 to 1.0 p.p.m. 

and 15 to 20 p.p.m., respectively. 

5) Initially the furnace was evacuated by the mechanical vacuum 

-■3 
pump to 1 x 10 mm Hg to minimize the residual oxygen in the furnace. 

The Helium was admitted into the furnace at about 3 psi. 

6) The quenching procedure was, to loosen the swagelok at the 

top of the furnace, dropping the quartz rack along with the nickel rod 

into the quench liquid below. 

7) The quenching medium was ice water which was cooled by a refrig¬ 

erator and stirred by a magnetic stirrer to keep the water at uniform 

temperature. The quenching rate was determined by electrically heat¬ 

ing to 0.010 inch diameter gold specimen in air. With the current 

remaining on, the specimen was quenched in ice water ■under about the 

same conditions as in the furnace. The voltage drop across the speci¬ 

men as a function of time was recorded on an oscilloscope and from this 

the quenching rate was estimated as 36,000°c/sec. Assuming that the 

quench rate is proportional to the surface to volume ratio, this leads 

to an estimated rate of 96,000°c/sec for the specimen geometry used in 

the experiment. 

8) The specimen after being heated 1 hour in the furnace was 

quenched into ice water. 

9) Annealing was done in helium atmosphere stainless steel fur¬ 

nace heated by the high frequency induction coil as shown in Fig. 7* 
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Sinch Meechan's investigation points out that the vacancy concentration 
/ O \ 

in pure copper is negligible below 600*0'°' the annealing temperature 

was set between 550°C or 600°C for two hours. 

10) Resistivity measurements were made after quenching and after 

annealing. Measurements were made in liquid nitrogen and distilled 

water at 20°C. 

11) The resistivity change, was calculated from the following 

equation (derivation in Appendis l) 
L.N. 'll" RJ3?./rt LJN.O 

2.35 X 10 i- K'K> 
R.T./^ L.N.) 

where 

L.K. 

Q. 

Q, 

L.N. 

R.T. 

R.T. 

(6) 

— The resistance ratio of the quenched specimen 

to the reference in liquid nitrogen 

— The resistance ratio of the annealed specimen 

to the reference in liquid nitrogen 

■— The resistance ratio of the annealed specimen 

to the reference at 20°C 

■— The resistance ratio of the quenched specimen 

to the reference at 20°C 

12) The possibility of contamination inside the furnace was 

studied. 

a) Metallic materals are shown in Table 2. 

TABLE 2 

I HI—j —Cr r i?’e —si m— —SlUg ' ! C  

Inconel $ ; 78 1.5 .. 7 0.2 0.35 o.oU 
Stainless 
(Steel i» 11 20 65 i a 0.15 

Quartz $ 100 

Nickel 
rod $ i 100 j .... ■ . 1  1 L  1  
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Based on the free energy data shown in Appendix 2, it was found 

that all of the metal oxides were stable under the conditions existing 

in the furnace. An experiment was performed "by holding the specimen 

with pure copper rings to prevent direct contacts between the specimen 

and quartz rack during the heat treatment, to test if Si from quartz 

caused contamination. The results were negative indicating this is 

not a source of contamination. 

b) Gaseous impurities are more important than the metallic impuri¬ 

ties. Simmons calculated the solubility of hydrogen and oxygen in 

copper at 1040°C. He found that the solubility of hydrogen at a par¬ 

tial pressure 7*6 torr is only 5,b x 10 ^ atom fraction and oxygen in 

copper was 2.8 x 10 atom fraction; assuming that the oxygen partial 

pressure is greater than that required for Cu^O to be stable. From 

his calculation, we see that the solubility of hydrogen in copper is 

negligible compared with the solubility of oxygen. A more detailed 

investigation and calculation were done here. From the data of F. D. 

Richardson and J. H. Jeffer's^"^ or of C. E. Wicks and F. E. Block^^ 

the maxi mum partial pressure of 0^ at various temperatures in order 

to prevent oxidation of Cu is shown in Table 3* 

TABLE 3. 2Cu + 02 -* CUgO A F = ETln PQ2 

Where A F is the difference in free energy for the reaction under 

standard conditions and under an 02 pressure of PQ2* 

rpic A F PQ2 mm Hg 

900 -25350 5.1X10-10 

1000 -23750 3.3x 10"9 

j 1100 -22I5O 7.6x10“V 

1200 -20650 2.8xlO"5 i 

1300 -19100 2.8x10 
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From the above table we see it is very difficult to prevent formation 

of CUgO at elevated temperatures in an "inert" atmosphere. However, 

as there is no actual data to show the resistivity change in copper 

due to dissolved oxygen the following experiment was performed. 

13) Because pure gold is not readily contaminated during the 

thermal cycle, a gold specimen was used to check the accuracy of the 

measurement. The resistivity change due to vacancies was found to be 

almost reversible and the data obtained was consistent with results of 

other investigators. 

l4) A gold-1 atomic per cent silver specimen was investigated: 

the results are shown in Table 4 and Fig. 8. 

TABLE 4. QUENCHING DATA FOR A GOLD-1 ATOMIC PER CENT SILVER 

Vc «A
R,T

 •/«/•*’• A ft -icm 

401 1.0011 1.0016 1.00120 5.5xl0"10 

1.0015 1.0005 0.99939 

4^
 

O
 

H
 

• O
 

O
 

O
 

C
O

 

1.0017 1.00170 9.9x10”10 

1.0017 1.0012 0.99929 
j 

500 1.0006 ! 1.0015 1.00160 9.9xl0“10 

1.0013 1.0005 o.999«9 

560 1.0003 1.0005 1.00080 
1.0007 j 1.0002 0.99919 

1 
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Vc «A
E,T •/«/•’*• QQ

L*NVQa
l‘n‘ ~L cm 

603 0.9991 1.0002 1.0015 
-10 12.2x10 71 

7.7x10 0.9993 1.0000 1.0009 

652 0.9983 1.0006 1.0045 25.5x10"?-° 
28.8x10 ±0 0.9986 1.0006 1.0042 

704 0.9967 1.0000 1.0050 1 36.7x10"?-° 
51.0x10"10! 

1 
0.9964 1.0010 ! 1.0073 

753 1 1 0.99^3 1,0000 I.OO83 ; 63.4x10^; 
67.8x10 10 0.9994 i.ooo4 1.0085 ! 

806 0.9915 1.0009 1.0143 104.0x10"?-° 
97.4x10 0.9932 1.0020 I.0133 

852 0.9887 1.0011 1.0181 137.4x10"?-° 
133*5x10 0.9894 1.0014 1.0175 

905 0.9833 1.0024 1.0278 212.0x10“?-° 
112.9xl0"?-~ 
101.8x10 

0.9920 1.0022 1.0138 
0.9934 1.0026 1.0129 

952 0.9885 1.0038 1.0218 169.7x10"?-° 
188.6x10"10 

0.9873 1.0043 1.0240 

1005 0.9810 1.0048 1.0353 264.3x10"?-° 
263.2x10 0.9808 1.0045 1.0353 : 

1042 0.9771 1.0057 1.0456 ^ 344.5x10";i-° 

It was found that either pure gold or the gold silver alloy gave satis¬ 

factory results. The experimental work on pure copper was started. 

15) A copper specimen was annealed repeatedly at 600aC in a helium 

atmosphere for two hour intervals. The results are shown in Table 5* 
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TABLE 5• 0.010 in diameter copper specimen, 3 foot long rolled 

to 0.002 in strip: annealed in He atmosphere stainless steel furnace. 

Specimen 
Number 

<aAR*T*/QAI'*W" 
( n ® • /c\ • \ A (QA 

/Q
A 

} Annealing 
Time (hrs.) 

1 0.935840 -0.000770 2 
0.934070 

-K). OOO839 
2 

0.934909 
+0.000060 

2 

0.934969 2 

2 0.870941 
+0.0009 

2 

0.871938 2 

3 0.94492 
-0.00059 

2 

0.94433 2 

From the results shown above, we see that the annealing result was very 

stable in each specimen. There is a change of * /Q^ * * after each 

annealing. The amount of change is within the measurement error. 

(See Appendix 5)* Although these readings are reasonably consistent; 

since the values are all less than 1.0, it appears that the specimen 

has more impurities than the reference. 

16) The specimen was repeatedly quenched at different tempera¬ 

tures as shown in Table 6. 
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TABLE 6. 0.010 inch diameter copper specimen 3 ft long rolled 

to 0.002 inch strip, heated in He atmosphere Inconel tube 1 hour 

quenched into ice water. 

s  
Quenching 
Temperature 

Specimen 
Number 

\Ra-\L-N- A (QQ
R
*

T ■/Qci
L*N*) 

912 C 1 0.97855 
0.98463 
0.98214 

-K) .00607 
-0.00249 

2 1.015628 
1.01414 

I 
-O.OO563 1 

800 C 3 1.008507 1 

I.OIO528 
1.010594 

+0.00202 
+O.OOO66 

700 C 
j 4 
5 

0.994146 
0.985377 
0.985203 

« 

O.OO8769 
-0.000174 

It was found to he very difficult to run a whole test with 

one specimen. Once the copper was oxidized, a new specimen was 

used. 

17) If the total amount of contamination is constant in each 

thermal cycle, or the resulting resistivity changes are small com¬ 

pared to the vacancy effect, we may obtain meaningful data. In 

equation (6) there are two terns _ _ ^ 

Q, 
L.N./„ L.N. 

'Q 
*/Q and 

Q, 
R .T. /„ L.N, 

VQ„ 
LJS, 

R.T./„ L.N. 
VQ 

which may affect the change of resistivity. However, from Table 4, 

we see that is almost one and [Q^R*^ * /0,^L*K*] is 

also one for the same impurity level and the same thermal treatment 
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of the specimen and the reference, so the only term which affects 

\A
R-TVQa

L-N- -CT'l . There- the resistivity would be 

Q, LJT. 
'Q 

fore, a calculation was done to predict the value of ^ (Q
R

*^ 

(where A (QR *T */QL ^ *) = Q 
R «T • /^ L *N • 

•/Q - Q, 
R .T. /„ LJJ. 

*) due to 
'A ' "A Q 

the vacancy formation at various temperature. We suppose that the 

(3) vacancy formation energy is Ef = 1 ev The concentration of 

vacancies is from equation (l): C = A exp(-E^/KT) to be conserva¬ 

tive, set APSL and obtain the minimum vacancy concentration. 

-6 at t = 1000°K 

T = 1263°K 

C = 9 x 10 

C = 10 x 10 -5 

By A. W. Overhaver's and R. L. Gorman's calculation 

.(14) 

(13) and from 

F. Blatt'~'/ the resistivity of 1 atomic per cent of vacancies is 

-6 
1.5 x 10 " ohmcm. From the calculation, we can predict the approxi- 

mate value for A (Q */Q *) due to formation of vacancies at 

various quenching temperature as shown in Table J. 

TABLE 7. Theoretical Calculation of A (QR*T VQL*N*) 

Temperature Concentration I Resistivity 'A(Q
R
*

T */QLJi*) 
•c of Vacancies | 

. ... | Change CA5V ) 

700 6.74x10 ?6 ! 1.01x10"Q 0.00430 
750 11.4x10! 1.71x10"' 0.00733 
800 20.2x10i 3.04x10"' 

4.84x10"' 
0.0129 

850 32.3x10"? | 0.0206 
900 
950 

51.6x10 ? ! 
80.1x10? 

7.65x10"' 
12.00x10"' 

0.0315 
0.0512 

990 101.xlO ! 15.10x10"' 0.0639 

From Table 7 and Table 6, we see that at low temperature 

(below 700° C) the scatter is of the same order as the vacancy 

effect so that we would not expect to detect quenched-in va- 
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cancies “below this temperature. 

18) The experimental data obtained on quenching from various 

temperature and then annealing are shown in Table 8. 

TABLE 8. 0.010 in diameter 3 foot long rolled to 0.002 inch 

strip quenched in ice water He atmosphere, 1 hr heating before quench¬ 

ing, 2 hours annealing. 

Quenching 
temp °C C1' 

R.T. 1 

Vl * 

\ 
N

 w
 

W
 

 
/

 

0111 

QA
L- ( Q

l*n*) QA
L- 

700 0.97867 
0.97757 
0.98931 
0.99422 

0.99506 
0.98620 
0.99309 
1.00009 

0.01639 
O.OO863 
O.OO378 

! 0.00587 

0.99833 
1.0097 
1.0081 
1.00565 

3.9X10“g 
2.1x10'* 
8.9x10 g 
1.4xl0_y 

750 O.98O63 
0.97376 
0.95717 
0.96070 

0.99505 
0.98656 
0.98433 
0.99818 

0.01442 
0.0128 
0.0271 
0.0374 

1.0157 
1.0150 

! 1.03062 
1 1.01695 

3.4x10“^ 
3.0xl0"g 
6.4x10 Q 

8.8xlO_y 

800 0.97504 
0.98797 

1.03677 
0.99669 

0.06174 
0.00962 

i 1.00876 
1.01377 

i 14.2x10"^ 
; 2.3xio“y 

900 0.91797 
0.93790 
0.91369 

0.94817 
0.95581 
0.93004 

0.03022 
0.01881 
O.OI634 

! 1.03632 
i 1.0221 
; 1.025 

; T.JSIO'5 

: 4.ixio y 

940 0.91903 1.00676 0.08772 ; 1.0807 j 20.6x10"9 

990 0.82118 
0.85018 

0.94468 
0.98063 

! O.1235 
i 0.1304 

1.1709 
1.1163 

l 30.8X10"g 
; 3l.3xl0“y 
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A graph of the experimental results are shown in Fig. 9» The results 

show a great deal of scatter. The reason for this scatter is probably 

twofold: 

a) The impurity content may vary from one cycle to the next since the 

impurity concentration is a function of time and temperature. 

b) A variable quench temperature due to heat loss by the specimen 

while falling through the furnace. The heat loss was calculated and 

it was found that convection was the most important mechanism. For 

a 0.002 inch strip initially at 800° C in helium atmosphere the speci¬ 

men temperature may drop more than 220° C while it is falling. (Cal¬ 

culation in Appendix 3)• 

19) To minimize the effects of convective cooling and 0^ con¬ 

tamination, the specimen was put in a Cu cage and carbon black or 

activated charcoal was put in the cage. This procedure did not re¬ 

sult in less scatter in the experimental data. It is thought that the 

reason is due to a lowered quench rate because of the heat content of 

the cage. 

20) In order to increase the quenching rate, 0.005 inch diameter 

specimen was used instead of 0.010 inch diameter wire, and, or helium 

was replaced with argon, but this again did not result in less scatter. 

Method 2. 

1) A vacuum furnace system was used to prevent heat loss of the 

specimen due to convection while dropping into the quenching medium. 

2) Initially, the specimen was held in the cool zone inside the 

Inconel furnace. The furnace was mechanically pumped to less than 5 

micron 
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3) The specimen was heated in the furnace one hour before 

quenching. The annealing procedure was the same as in Method 1. 

4) The quenching medium was Duo Seal Vacuum oil so as to keep 

the pressure in the furnace as low as possible. 

5) Quenching was accomplished by passing a large current through 

the specimen support wire which melted and allowed the specimen holder 

to drop into the oil. The time required for dropping was 0.l4 sec. 

6) Heat loss of the specimen during the drop in the 5 micron 

vacuum furnace was checked experimentally. The technique was similar 

to that mentioned in Method 1 for determining the quenching rate. The 

only difference was that the specimen was electrically heated inside 

a vacuum system at 5 minron pressure. It was found that a 0.010 

inch diameter specimen initially at 800°C would drop 50°C in 0.l4 sec 

and a 0.002 inch diameter specimen showed a temperature drop of 200°C. 

The quenching rate in the vacuum oil was found to be 9000°c/sec for 

0.010 inch diameter specimen and 28,000®c/sec for 0.002 inch diameter 

specimen. 

7) The specimen was repeatedly quenched at 800°C. The results 

are shown in Table 9. 

TABLE 9. Quenching data for 0.002 inch diameter specimen quenched 

in vacuum oil. 

T 
Q Si \ ^R-TVQQ

LJ'j 
Heating 

Time 

8oo°c 

1.02012 
.90892 

.88655 

.88946 

.11119 

.02237 

.01708 

30 min 

1.11632 
.96094 
.93582 

.15538 

.02512 
30 min 
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8) It is seen that the specimen contamination increased each 

thermal cycle. Once the specimen was "saturated" with impurities, 

contamination rate was less than as in the new specimen. Under these 

conditions it was not reasonable to expect valid experimental data. 

Method 3. 

l) The technique was changed to heat the specimen with electric 

current. The advantage of resistance heating the specimen is that the 

container is always at room temperature, therefore possibilities of 

contamination are greatly reduced. A disadvantage is that the tem¬ 

perature distribution along the specimen is not homogeneous due to 

heat losses at both ends of the specimen, and along the potential 

leads. Also changes in cross sectional area or mechanical defects 

affect the temperature distribution. It was found that it was very 

difficult to calculate the actual temperature distribution along the 

specimen, as it differs for each specimen and heating temperature. 

Some assumptions were made to estimate the maximum error in In Cv 

due to a non uniform temperature distribution. For the temperature 

distribution shown is the following figure the error in In Cv is about 

jjo (Appendix h). 

This distribution is thought to be considerably more non uniform than 

in the actual case. Bauerle and Koehler checked a 0.030 inch gold speci¬ 

men with an optical pyrometer and reported a temperature unifoimity of 

(2) 
+ 1$ over the gauge length' '. 
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2) The resistivity versus temperature data used to determine 

the specimen temperature is shown in Fig. 10. 

3) A magnet was used to hold the specimen. Quenching was done 

hy removing the magnet; allowing the specimen to drop into the quench¬ 

ing medium. 

4) 0.005 inch diameter specimen was rolled to 0.001 inch strip. 

A one and half inch long specimen was heated electrically in pyrex 

tube vacuum (less than 5x10 0 mm Hg). Quenching medium was oil. It 

was found that on quenching from 900°C there was no significant quenched 

in resistivity so the use of oil as quench medium was abandoned. The 

technique was varied by filling the pyrex tube with He and inserting 

the entire apparatus in liquid nitrogen. Quenching was accomplished 

by simply turning off the heating current so the specimen cooled by 

convection to the He atmosphere. Although there was no contamination 

on successive quenches, a resistance increase due to quenched-in vacan¬ 

cies was not detected. Presumably this was due to low quenching rate. 

5) Resistance heating-water quench: 

A pyrex tube was initially dipped into ice water to exclude oxygen 

from the container. Helium gas was admitted to the tube forcing part 

of water out. A constant flow of He was maintained; the gas bubbled 

through the surrounding water bath from the bottom of tube. 0.005 

inch copper wire, rolled to 0.001 inch strip was mounted on quartz 

(a b) 
frame and resistance heated in the tube as shown in Fig. 11' * . The 

frame was held in position by a magnet which was removed for the quench, 

allow the specimen to drop to the ice water. The current was turned 

off at the moment the specimen was quenched. The quenching rate was 
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70,000°C/sec. Annealing was done in the same apparatus by resistance 

heating the specimen at a 600°C for five minutes. 

6) Quenching data for the method resistance heating-water quench 

is shown in Table 10. 

TABLE 10 

Quenching 
Temp °C 

<-T- 
A 

(Qr-tI c- A&n. cm 
(QL*N')J tf-*- 

1,000 1.2874 
1.2912 

1.3170 
1.3164 

0.0296 
0.0252 

1.0148 
1.0150 

5-3x10"^ 
4.5x10"^ 

950 1.2988 
1.2980 
1.2988 

1.3171 
1.3197 
1.3166 

0.0183 
0.0211 
0.0178 

1.0069 
1.0157 
1.0117 

3.27x10"Q 
3.77x10 q 
3.19x10 

900 1.3051 
1.3053 

1.31642! 0.0109 [ 1.00775 
1.3160 ! 0.0107 1 1.00731 

1.95X10"Q 

1.91x10"^ 

85O 1.31068 
1.3075 

1.31756 
1.3162 

0.00688 j 1.0065 
0.0087 1.0069 

1.23x10”q 
1.55xlO_y 

800 1.3139 1.31626 0.00236 | 1.0032 4.22X10“10 

From the above data, plotted as In fy against l/T QX 10^ shown in 

Fig. 12. The formation energy of vacancies was estimated as 1.0 + Q1 

ev. This is in good agreement with Germagnoli* s ^ result for 
_5 

= 1.0 + 0.1 ev. The constant A was equal to 5*3 x 10 ^ ohm-cm. As 

-4 -3 compared to 1.5 x 10 from the theoretical estimation of 1.13 x 10 

ohm-cm the result obtained by Geimagnoli: During the experiment, several 

specimens were used. Once the Q^A^*/Q^A^* was less than 1.300 the 

specimen was replaced to prevent spurious effects due to impurities. 

7) A 0.010 inch pure gold specimen was used to verify the pre¬ 

vious results. Results of the pure gold are shown in Fig. 13• E^ 
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for gold is O.96 ev which is exactly the same the result Koehler had. 

However, the value for A was less than Koehler’s result (4.6 x 10”^ 

as compared to 4.9 x 10 ^). 

8) On observation of Fig. 12, 13 we see that apparently in our 

experiments a smaller number of vacancies were quenched-in both the 

work on copper and gold. 
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DISCUSSION 

l) If the impurity level and the thermal treatment of the speci- 

R T / L N 
men and the reference are same * */Q^ * * should be equal to 1 m 

the experiment, the reference was in all cases partially annealed to 

remove most the effects due to cold work. The annealing time was very 

short to minimize impurity contamination. Different reference wires 

were used in each method. There was considerable variation in the value 

of Q * */Qfl * obtained in the various experimental methods. The 

highest value of was for a specimen resistance heated in 

He atmosphere = 1*32). This method gave successful 

results. The rest of methods always gave QA * iess than 1 30 

R #T / L •N 
As Q,A * 7Q,A * is comparison of two specimens, there is no direct 

way to evaluate the purity of the specimen from * /Q^ * *. How¬ 

ever, in any case, if this ratio is less than 1 the impurity level in 

specimen must be higher than in reference, and decreasing of 

at each thermal cycle is due to contamination. 

When the specimen is contaminated, impurities may trap vacancies 

or act as mucli to cluster vacancies. Some impurities may precipitate 

out during annealing. For example, a supersaturation of oxygen re¬ 

tained by rapid quenching from high temperature may precipitation at 

/ -i f\ 
low temperature annealing in silver' '. This preciptation of oxygen 

would cause an extra change of resistance. In our specimen resistance 

heated in He gas, there still may have been contamination as there is 

(17) 
0.5 to 1 part per million of oxygen in He gas itself. Germagnoli' 

suspected He may diffuse into Au or Cu to cause residual resistance. 

(15) 
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/in\ 

This suspicion is doubtful, as D. Jeannotte'' } heated pure gold in a 

He atmosphere and found no anomalies. Argon was tried instead of He 

gas, but the oxygen content in argon was always 1-15 p.p»m. which is 

higher than in helium (0.5-1 p.p.m.). 7QA * * was always less 

than 1.300 and meaningful results were not obtained. 

2) All the measurements in this experiment were correct to (four) 

decimal places. This is stifficient sensitivity to measure the vacancy 

resistance. (Analysis in Appendix 5)• 

3) The formation energy of vacancies obtained was = 1.0 + 0-1 

ev as shown in Fig. 9» This result is in good agreement with Germagnoli’s 

Ef = 1.0 + 0.1 ev. However, the constant A = 5•3x10”'’ ohm-cm is smaller 

-■3 

than Germagnoli’s 1.13x10 ohm-cm. The reason for this could be that 

the temperature versus resistance calibration curve (Fig. 10) was in 

error. As copper is sensitive to contamination it is very difficult 

to obtain the correct resistivity temperature data. If Germagnoli’s 

suspicion is true, helium atoms may diffuse into copper to trap part 

of vacancies or the O.5-I.O p.p.m. of oxygen in helium may affect the 

(19) 
residual resistance. 0. H. Ovcharenko' 7 worked with pure silver in 

air and found that oxygen dissolved in silver caused a residual resis¬ 

tance. Comparison of our results of gold with others, indicate (shown 

in Fig. 13) that the constant A is also smaller than Koehler’s. V. A. 

Pervakov, et al.^*"^ doubt that Mathiessen's mile at low temperature 

is valid. They investigated the nature of lattice distortion on the 

temperature dependence of electric resistivity of silver and gold. 

With a decrease in temperature (from 20°C to -196°C) the resistivity 

due to distortion in cold worked metals becomes 10-15 per cent less 
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while in quenched metals it increases by 5 to 7 per cent. If this is 

true, our measurement -b $ in liquid nitrogen is no doubt less than 

Koehler's in liquid helium. 

4) In Geomagnoli's experiment the specimen was not quenched but 

cooled in an Argon atmosphere. This avoids contamination from the 

quenching medium. However, the quenching rate was only 5xl0-^°c/sec 

which is quite low. Oil as quenching medium was found unsatisfactory 

which was also asserted by Geomagnoli^^, and H. Kimura^. The best 

quenching medium used was ice water. 
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CONCLUSION 

1) Many methods were tried for the quenching of pure copper. 

The best way to obtain the formation energy of vacancies in copper was 

resistance heating the specimen in a helium atmosphere. 

2) The most satisfactory quenching medium was ice water. The 

quenching rate for 0.001 inch strip was JO,000°c/sec. 

3) Formation energy of vacancies was found as Ef = 1.0 +0.1 ev 

and the constant A = 5* 3^ x 10 ^ ohm-cm in = Aexp E^/KT. 

4) The quenched-in resistivity of copper is sensitive to the 

type of atmosphere from which the specimen is quenched. Once the 

specimen is contaminated, it is necessary to replace the specimen to 

prevent spurious effects. 

5) The nature of the contamination and its effect on quenched- 

in vacancies not entirely understood. However, it could mostly be 

due to oxygen, as shown by calculations in Appendix 6. If we take 

the resistivity increase due to oxygen dissolved in copper to be the 

same as for oxygen dissolved in Ag, we find that the resistivity 

change due to oxygen in copper will be higher than the resistivity 

change due to vacancies. 
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APPENDIX 1: Calculation for the change of resistivity due to vacancy 

formation. 

From equation (k), the actual resistance change for each thermal 

cycle is: 

AR = Rn-R. MR +4R. +AU   (a) 
Q A v d s v ' 

Since impurities also increase the resistivity, there is no proper way 

to find the exact amount of impurities. For simplicity, let A Rv 

include A R^ and 4 R^. If there is no impurity contamination dur¬ 

ing the cycle, A R^ would he just the change of resistance due to 

vacancies. Therefore, equation (4) becomes the following: 

A R = R„ - RA = A R + A R 
Q A v s 

We denote the room temperature measurement as (room temperature 

20 ®C) 

AR' 
,R.T. 

R 
R.T 

Q 
= A R + 

v (b) 

at liquid nitrogen (-195.8*0) 

A R
l,w* = Rq

L*N* - R.l,n* =4B +^H - - -(c) 
% A VS 

A R the resistance change due to plastic deformation is function of s 

temperature: 

A R 
R.T. 

s 

rjfr r-'n 

o FT 
.N. J_  

S *4 " S C<A'- 

substitute (d) into (b) 

Where ^ 
A 

A R 

AR
R
;
T
* =4(R

L 

> tl T 
then AR ‘R'T’ = + A ROL*N* 

- -(d) 



p m iP ^ * 
AR ‘ * ---ya- = ARv 
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f L.N. 

f R.T. f R.T. + A Rs L.N. 
(e) 

(c) - (e) 

A R^*^* 
R m ^L*N# , r . _ _ 

’ ^
R
 “T5^7 = ARV (1 - f R.T. 

f L.H. 

f R. 

AR 
:(AR

l*h* - AR
r,t* f L*N*/ f> R,T* ) 

A f v _ARV 

fARtT* R A
r*t* 

- f. R.T. 

R R.T. 

<„ LJJ. D L.K.' 
(R

Q " 
R

A 
R ref 

) 

LJJ. 

R ref 

The measurement was done by comparison of the specimen to the 

reference. Therefore let the resistance ratio Rspec/Rref = Q then 

 h 
L.fSr 

( Qa* 
f r- 7T>- 

•T. 

, c L/V. i p L./V- f 
M , _ RW* K r 

QViT-; 

f, - ^!T/^ VOoLIV- 
OA". 

/Wo V Ma A 
l70/* A ) 

-hhe 

fi?.T ^ /-;72£ X/r~6 J\C»l ( ?tY V * ticcScf3 

f /j'^y ~~ ^*^2 ky Vi)£r<r/H<?//“/" 

(2.* ‘) 

-A*'
1
 .;>/

A 
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APPEKDIX 2: The vapor pressure of the various metals at temperature 

1273°K were obtained by extraporating datas from A.S .M. Metal Handbook. 

It was found as following: 

-6 
Hi = 1.2 x 10" mm Hg 

Cr = 3.5 x 10“5 mm Hg 

Fe = 3 x 10”^ mm Hg 

Mn = 1.2 x 10 2 mm Hg 

Si = 38 x 10 ^ mm Hg 

From these data, we see manganese has an appreciable vapor pressure. 

However, it is necessary to also consider the partial pressure of the 

elements in equilibrium with oxygen as some 0g is presented in the 

(12) 
furnace atmosphere. Using data from C. E. Wicks and F. E. Block 

1) Hickel 

Ni (gas)** + l/2 0g (gas)P—«•- HiO 

A F = - 11*8600-1.6 T In T + 0.l4 x 10"3 T2 

- 0.10 x 105 T-1 + 63.12 T = RT In Pni POg1/2 

at T = 1273°K and POg = 5 x 10"3 mm Hg 

-9 
Pm = 1.9 x 10 7 mm Hg 

2) Manganese 

Mn (gas)P + l/2 Og (gas)P MnO 

A F = - 146650 + 0.80 T In T - 0.39 x 10”3 T2 

+ 0.34 x 105 T"1 + 48.55 T = RT In Pmn POg1/2 

at T = 1273% POg = 5 x 10“3 mm Hg 

-8 
Pmn = 1 x 10 mm Hg. 

Cr2 °3 3) 2 Cr (gas)p + 3/2 Og (gas)P 
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'' F =-358110 - 6.11 T In T + 2.01 X 10"3 T2 

+ O.69 x 105 T"1 + 12U.55 T = RT In POg3/2 Cr2 

At T = 1273% Po2 = 5 x 10"3 ram Hg; Per = 1.34 x 10"15 mm Hg 

4) 2 Fe (gas) P + | °2 (gas)P   Fe2°3 

A F = - 202,600 - 11.27 T In T + 2.87 x 10_3 T2 

- 0.3 x 105 T"1 + 170.49 T = RT In p Fe
2 Po3/2 

PFg = 1.27 x lO-8 mm Hg 

5) Si (gas)P + 02 (gas)p SiOg 

A F =-209,950 - 1.46 T In T - 0.19 x 10_3 T2 

- 0.74 x 105 T"1 + 53.57 T + RT ln^pS1^psi POg 

at 1273#K (Psi)^ = 50 x 10-12 atm, Pc>2 = 5 x 10~3 mm Hg 
r 

- 658 x IO" atm 

Psi = 1.25 x 10"*32 atm = 9*5 x IQ-3*"* mm Hg 

It was found that all of the metal oxides were stable under the condi¬ 

tion existing in the furnace. Among these oxides, Manganese oxide has 

a higher partial pressure than other metals. Therefore, it was used 

to check if it would affect the purity of the specimen during 1 hour 

of heat treatment of the specimen in the furnace. 

Z = 3.537 x 1022 10111   (26) 

(Mr)1/2 Sec+1 cm*2 

where Z = the number of molecules striking a square centimer 

of the specimen per second 

M = Molecular weight for Manganese = 54*94 
-8 

2 = 3-537 X 1022 '(^.91, - 1-31* X 1010/sec cm2 

for O.03O" width 0.002" thick strip of the copper specimen. 

Total number of Mn atoms striking the specimen during one hour 
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would te 1.34 x 10~^0 x 36OO x 0.l62# since there are 5 x 1022^ 

3 
sites in 1 cm of Cu. If we think that the total number of Mn atoms 

striking the specimen during 1 hour of heating would diffuse in the 

specimen, we may obtain the concentration of Mn in copper specimen 

Cmn . l-3» X 10^° x 3600, x, ,162 xl . t.03xl0-T 
5 X 10 X 38.7 X 10° 

This is orders of magnitude less than the concentration of vacancies 

-4 
at T = 1273°K (i.e., 10 ). Therefore, we may conclude that metallic 

contamination is highly unlikely in a slightly oxidizing atmosphere. 
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Appendix Heat loss of the specimen during drop through the furnace. 

A 0.010 inch diameter of the specimen, rolled 0.002 inch strip. The 

width of this strip was measured as 0.030 inch. 

10** 
Average velocity of the specimen drop = 71.5 in/sec = 6 ft/sec 

714“ 

-4 -h 
0.030 in = 25x10 ft. 0.002 in = 1.66x10 ft. 

Furnace temp = 800°C = 1472°F 

Average helium temp =• 400°C = 750°F = 1210°R 

l) Heat loss due to forced convection: 

P 144 x 17.7 0 P 144 x 17.7 _ c ),/■ ,.-3 
J He RT (386.2) x (1210) 5^6x10 

AA = 3*30 x 10 4 poise = 8 x 10"*2 lb /ft m 
G vL 

NRe (Reynolds number ) - J  
/U 

= 5*46 x 10~3 x 6 x 25 x 10~4 x 3600 = 

8 x 10 
-2 

3.68 

N (Nussel number) = C (NR )m  This equation is from (2l). 
Hu Re 

C = 0.891 m = O.33 

HJJu = 0.891 (3.68)
0*33 = 0.891 x I.536 = 1.366 

h (film coefficient) = - = Q-1—2..&•$) = 77.8 Btu/hr-ft2-F 
25 x 10 

Heat loss Q = Ah4T = 2(25x 10"^ + 1.66xlO-^) 77.8 (1472-750) 

= 298 Btu/hr. x .14 = 11.6x10"3 Btu 

Temperature drop due to forced convection: 

f VC A T’ = 11.6 x 10"3 
J P 

559 (25 x 1.66 x 10“8) x .1264 T« = 11.6 x 10”3 

AT' = 398 °F = 220 °C 
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2) Heat loss by radiation (neglecting reradiation to the specimen) 

Q = £ vT A T 

33.2 x 

3^00 

= 0.8 (0.17U) ( 

— = 1.29xlO-3 

lkbOk 

100 

Btu 

) [2 (26.6 x 10"^ )] = 33.2 Btu/hr 

This is much less than for 

forced convection. 
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APPENDIX 4. Calcination of A In Cv due to a non uniform temperature 

distribution of the specimen. 

The specimen resistance is given by equation as follows: 

R ■= /J(l + * T(X)) dX = K f, (1 + otT ) 
j| ctv 

whereT = -C?« M 

av /ax 
tf 

Let’s suppose T = T^ + (T^ - T^) Sin 

where T is temperature distribution of the specimen. 

T^ = Low tenrperature 

T^ = High temperature 

Ta = 'fi(TI, + (Th-TL)SinT)“ 

= Cosir)! 

■ TL - (Th - TL)i 

Concentration of vacancies: 

Cv = A.exp (-Ef/KT) A ~ 1 

In Cv =-Ef/KT 

From the Taylor's series expansion at T 

. ,1 X (T - Ta) 
In Cv =-Ef/K ±- * -y-£ . 

v> a a a 

If In Cv* =-E_/KT 
x a 

(T - Ta)
2 

T T 2 
a a 

then 
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ln Cv - In Cv' _ "Ef/K ^ Ta 

1_ (T-T ) +1_ (T - T ) 

In Cv' -EVK (I/TJ 

Ta T a' 
"Tft2- 

Since T >> (T-T 1 we omitted the high order term 
a a 

♦ In Cv - In Cv* "^T'Ta^ + ^T“Ta^ 
In Cv' T TTW 

We know T is the actual temperature distribution and T^v is the measure¬ 

ment temperature which we had. From the error function the sum of 

this temperature error (either positive or negative) would be zero. 

Therefore, 

(T - T y 
In Cv - In Cv* = 

2 
T .m.s. r. 

1M Cv* 

T r.m.s. = 

a a 

(T - T )2 d % = (T, - T )2 (o.l86) 

In Cv - In Cv1 

In Cv’ 

(0.186) (Th - TL)2 

(0.637 \ + O.363 T1)i 

For example, 

at Tn = 1273°K 

T = 1000°K 
n 

TL = 800°K 

TT = 65O °K L 

In Cv - In Cv* 
In Cv' = 3.^33& 

= 3.0# 
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APPEKDIX 5. 

l) Analysis of the sensitivity of measurements: 

The resistance of the specimen and the reference was about 0.5 ohm each 

-6 
Sensitivity of the Galvanometer is 0.00044x10~ amp/mm. The resistance 

of the Galvanometer is 513 ohms. The total resistance of 4393 Univer¬ 

sal ratio set is 2200. From Fig. l4, neglecting all resistance except 

the ratio box and galvanometer; the maximum impedance from the gal¬ 

vanometer terminals is: R = Gr + Rg/2 

The measurement was performed at 0.5 amperes. Therefore the voltage 

drop across the specimen and the reference is 0.5 x (0.5 + 0.5). 

V =0.5 volts 

Sensitivity of the total circuit would be: 

A v = (0.00044xl0~6) x (550 + 513) = ,n-6 
v 0.5 xu 

The resistance measurement was accomplished by obtaining the ratio of 

difference of the voltage between points v^, v^, and v^, v^. Suppose 

there is a measurement error at each poipt A v. The total error in 

the ratio of the specimen resistance to the reference resistance 

would be: 

(vxi AV) - (V2J ■ V) = V + 2 Av 
(V3JAV) - (V4 + V) v igAV 

4 X 10~6 

1 + 4 
4V 44 V 

V 

2) The resistance increase due to the measurement current of 0.5 

A R -4 
ampere was found to be —— =10 . This was experimentally obtained 

2 
by observing the resistance change versus I . (Fig. 15) 
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APFENDIX 6. Ovcharenko ^9 ^ heated the pure silver in air and found 

that resistivity increase due to dissolved oxygen. If we assume that 

the resistivity increase due to oxygen dissolved in A is the same as 
§ 

in Cu, we may apply the Oveharenko's data to copper. 

The resistivity increase due to oxygen dissolving in A at 1000°K 
S 

"f 3 -J-x 10^ = 10.5 

= 10.5 x 10~3 = 19 x 10~9 ohm cm 

-6 where 1.732 x 10 ohm cm 

The solubility of 0g at 1000°K = 2.55 x 10~3 (wt <f0 0g)(2^ 

£f~J,6 x 10 ^ ohm cm / 1 wt $ 0g 

1 wt $ 02 in A = 3»15 at $ 

Af - 2.4l x 10 6 ohm cm / at $ 
1 wt <f> 02 in Cu = 1.97 at <fo 

Solubility of 02 in Cu at 973°K = 1.7 x 10“3 wt $ 0g 

= 2.41 x 10-6 x 1.7 x 10~3 x 1.97 = 8.06 x 10"9 ohm cm 

This is higher than the resistivity increase due to vacancy formation 

c -6 
( AT = 1.5 x 10 ohm cm per 1 at $ vacancies). 

The resistivity increase due to oxygen dissolving in Cu and due to 

vacancy formation is shown in Table IX. 

TABLE 11 

TTC 1 Solubility of 0_ 
' in Cu 

Resistivity increase 
due to 0g ohm cm 

Resistivity increase 
due to vacancies 
ohm cm 

973 1.7xlO-3 8.06xl0”9 1.01x10"9 

1073 2.1xlo“3 10.06xl0"9 
3.04X10"9 

1173 2.7xl0-3 12.8xl0“9 7.65x10“9 

1273 k.6x10 ^ 
 i 

21.8x10 "*9 l6xlO"9 
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From Table 11, we see that the effect of oxygen dissolved in copper 

makes the vacancy effect to a large extent. 
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