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ABSTRACT 

Aluminum vas strained in tension under a Geiger counter* Electron 

emission associated vith plastic deformation and subsequent delayed 

emission vas observed* The specimens were illuminated during both the 

growth and decay cycles. 

The emission rate, dH/dt, increased vith time, t, measured from 

the start of the strain cycle and could be described by an equation of 

the form dN/dt * K tn* The emission decay vas approximately exponential. 

The emission yield increased vith higher strain rates* Prior deforma¬ 

tion increased the emission obtained in subsequent strain increments* 
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INTRODUCTION 

Since 19^0 there has been an increasing interest in an emission phenome¬ 

non, often called the Kramer Effect. It has been repeatedly demonstrated 

that mechanically deformed or disturbed metal surfaces will emit negative 

charge carriers, which can be detected with a windowless Geiger counter. 

The results of one of the earliest investigations were published in 

1936 by Lewis and Burchsm^. They reported that freshly abraded surfaces 

of several metals caused spurious counts when introduced into a Geiger 

(2) 
counter. In 1950, Kramer' published the results of comprehensive inves¬ 

tigations made in connection with a study of the structure of metal surfaces* 

Be reported that abraded metal surfaces emitted negatively charged particles, 

supposedly electrons, which could be detected with a Geiger counter. Kramer 

named these negative particles " exo-electrons •" One of the characteristics 

of the emission was that at certain temperatures, well below the thermionic 

emission range the emission rate reached a sharp maximum. Kramer suggested 

that the electrons were released when the disturbed surface material spon¬ 

taneously changed its structure in a process akin to recrystallization. 

These results have been generally confirmed although his explanations of 

the cause of the emission did not meet with universal acceptance. 

(3) 
Haxel, Houtermans, and Seeger' 7 proposed that the emission was caused 

by chemisorption of gases on the freshly exposed metal. Grunberg and 

(h) (5) 
Wright' v / suggested that abrading created lattice imperfections in the 

oxide film and that these behaved in a manner analogous to color centers in 

alkalide halide crystals. 

The use of Geiger counters for the detection of emission imposed cer¬ 

tain limitations as to the type of atmosphere in which the experiments 

could be conducted. Lohff and his covorkers^^ used an electron 



multiplier Instead of a Geiger technique to detect the emission from abraded 

metal surfaces* They were able to show that the decaying rate of emission 

subsequent to abrasion rose with increasing concentration of Og* When all 

the Og had been removed, no emission could be detected. However, even though 

there was no detectable emission in the absence of 02, the ability to emit 

diminished* A similar observation was reported by WilsteUhagen^ who inves¬ 

tigated emission from condensed metal films* 

lq) 
In one of his experiments'^, Lohff investigated the emission from 

single crystals of zinc which were plastically deformed in tension* Sot 

this case, the emission decreased with time but in a manner independent 

of oxygen pressure* This was Interpreted to mean that the emission result¬ 

ing from plastic strain was not caused by oxidation, but was due to the 

deformation of the crystal lattice* In 1957, Grunberg and Wright 

plastically strained polycrystalllne aluminum specimens in tension under 

a Geiger counter*. The resulting emission did not become significant until 

elongation had exceeded at least 5$* The emission then Increased with in¬ 

creasing elongation* At the termination of the straining period, the 

emission began to decay, the rate of decay depending on the composition 

of the atmosphere* This is In apparent disagreement with Lohff but It Is 

of interest to note that this is not an Isolated case* Similar differences 

appear in the results obtained by researchers investigating the emission 

associated with phase transformations* One group^2^11^12^1^ using 

Geiger counters reported sharp increases in emission during a transforma¬ 

tion, while the other^)te5) ug^Qg electron multipliers failed to observe 

this. 

* Grunberg and Wright irradiated their specimens during elongation and 
found a strong emission Increase for 4700 A light, while Lohff did not 
use irradiation* 
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The explanations which have been advanced so far, do sot adequately 

account for all the observed phenomena* It is noteworthy that there has 

been no conslstant attempts to correlate mechanical variables of deformation 

with emission* 

She present investigation was undertaken with the intention of contri¬ 

buting towards an understanding of the role that mechanical variables play 

on the Kramer Effect* In the investigation the material was plastically 

deformed in tension so that rate and degree of deformation could be con¬ 

trolled* This offered an opportunity for analysis of the relationship 

between the variables of deformation and the emission* Moreover, by this 

method the emission occurring during the deformation process could be 

observed* 



‘IM¬ 

MATERIAL AMD EQjUIPMEM? 

The tensile test specimens used in this investigation were cut from 

two grades of sheet aluminum. The term "commercially pure" will he used to 

identify the 99# pure specimens, and the term "high purity" will identify 

the specimens of 99*993# purity. Figure 1 shows the dimensions of the 

specimen. The two circular notches in the specimens assured that the 

maximum deformation would always occur under the window of the emission 

detector* 

A Geiger-MUller flow counter, Figure 2, was used as the emission detec* 

tor in this investigation. One of the chief factors controlling the counter 

design was the necessity of having the test specimen as a part of the tube 

wall without interfering with the geometry of the counter. 

The body of the counter was a 2-in. I.D. aluminum tube, 10 in. long. 

The specimen mounting surface was a 2-in. wide channel in the reinforced 

center section of the tribe. This: channel maintained the lateral position 

of the specimen. The counter window consisted of a 0*970 in. diameter hole 

in the center of the channel. 

A 0.003 in* diameter tungsten wire stretched along the axis of the 

tube served as an anode. A cylindrical grid surrounded the anode wire. The 

grid was 1 in. in diameter and made of 20 mesh screen wire. Grounding the 

grid made it possible to apply an accelerating potential to the specimen. 

The counter gas was a mixture of 1# methane and 99# helium. With this gas 

the counter operated at 900 V and had a 50 V plateau. 

An Instrument which will be referred to as the transverse strain indi¬ 

cator, Figure 3, was designed to measure the change in specimen width dur¬ 

ing elongation. A pair of steel fingers followed the specimen and transmitted 

the change in width to a differential transformer, Atcotran #620h* The 
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outline of specimen test section vas milled Into the face of the transverse 

strain indicator; this served to position the specimen. 

During a test, the specimen vas clamped between the transverse strain 

indicator and the Geiger counter. The clamping surfaces of both Instruments 

were faced with teflon to reduce sliding friction. An "0" ring vas used 

between the specimen and the counter to prevent air from entering the counter. 

A small curb around the window kept the "0" ring from sliding out of position. 

The tensile testing machine used to strain the specimens was a Riehle 

Universal Screw Power Testing Machine, Model FS-6o. This machine was equipped 

with an electronic load-strain recorder. 

The anode voltage for the Geiger counter was supplied by a regulated 

high voltage supply, G.E. #AThis was a part of a General Electric, 

Mo. 2 SPG X-Ray Detector Unit. The other units which were also used In 

this investigation were: a Berkeley Model 2200-S electronic timer and scaler, 

a G.E. rate meter #Ah962K, and an L & N Speedomax Recorder. 

The pulse signals from the Geiger counter were amplified with a single 

stage, variable gain amplifier before they were fed to the scaler. The 

shape and size of the Geiger pulses were monitored with a Hewlett-Packard 

high-frequency oscilloscope, Model 15OA. A permanent record of the emission 

was made with digital printer, Berkeley Model 1452. 



EXPERIMENTAL PROCEDURE 

The experiments performed in this Investigation can he separated into 

two main groups* One group comprised the specimens which were strained in 

one continuous step and then allowed to decay completely* Four speeds of 

head travel were used: 0*025, 0*05# 0.10, and 0.15 in/min. A check was 

made to determine if the specimens were being strained at a rate proportional 

to the head speed* The strain rate proved to he constant, at constant 

head speed, up to 4*5# strain* for all four speeds* When the strain 

exceeded 4*5$, the strain rate Increased with increasing strain* The 

continuously strained specimens were irradiated with natural light and 

subjected to an accelerating field of 90 volts/cm* Specimens strained 

in complete darkness produced no detectable emission**; however by in¬ 

troducing natural light into the counter through the luclte and discs, 

emission could he observed* The accelerating field assured that the 

low-energy emission would reach the sensitive region of the counter* 

The specimens in the second group were strained in steps, allow¬ 

ing 10,000 sec* between each step for the emission to decay* The 

average emission rate at the end of 10,000 sec* was treated as the 

> The strain referred to is the true strain, In (l/l )» The values 
of l/l were calculated from measurements of the transverse strain, 
assuming constant volume and constant thickness* The assumption that 
the thickness remains constant is not justifiable* The correct value 
of longitudinal strain can be calculated for an isotropic material 
with the assumption that the strains in the transverse directions 
are equal* This would yield values of longitudinal strain which are 
twice the quoted values* 

** This was not the case with abraded specimens* A specimen which 
was abraded with a wire brush gave 3 counts/sec in complete darkness 
and more than 1000 counts/sec when it was irradiated with natural 
light. 



'background vhen determining the growth and decay curves for the next 

strain step. The specimens of this group were Irradiated with light 

from a mercury-vapor lamp during both the growth and decay cycles. 

The light was filtered to remove all wave lengths shorter than 300(S. 

The accelerating field was 0.5 volts/cm. 

In an effort to Insure that the test conditions were uniform, the 

same procedure was followed In preparing for each test. 

All specimens were cleaned with acetone and annealed In air for two 

hours at 400°C • Each specimen was cleaned a second time just prior to 

the test. The Geiger counter and transverse strain Indicator were mounted 

on the specimen before It was placed in the tensile testing machine. 

The Geiger counter was prepared for operation by putting it through a 

series of purging cycles in which it was first evacuated and then 

flushed out with counting gas* At the end of the last purge cycle, the 

rate of flow of the counter gas was set and the anode voltage applied 

to the counter. 

The performance of the counter was checked with a cobalt 60 

source and the performance of the scaler checked against a frequency 

standard. If the equipment checked out correctly, the counter was 

allowed to run about forty minutes to determine the background count*. 

During the actual test, the size of the pulses from the Geiger counter 

and the rate of flow of the counter gas were kept constant. At the end 

of the test, the performance of the counter was checked again with 

the cobalt 60 source. 

* In the tests In which the mercury-vapor lamp was used, a second 
background count was taken with light shining into the counter. 
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RESUUS AMD DISCUSSION 

The rate of emission, dff/dt, Increased during continuous defor¬ 

mation In tension. The specimen had to he strained shout 2$ before the 

emission became significantly greater than the background, Figs* 4 and 5*. 

Similar observations vere reported by other Investigators^)(10)# The 

amount of strain required to initiate emission could not be determined 

vith accuracy because the background count varied In consecutive count¬ 

ing Intervals* 

To determine the effect of the rate of deformation on emission, 

commercially pure specimens vere strained In tension at four different 

head speeds, each specimen being strained up to 9$» The emission rate 

Increased vith higher head speeds, Figs* 5 and 6. The Increase, however, 

was not proportional to the change In head speed* Fig* 7 Indicates 

that the emission rate during the growth cycle can be represented by 

a function of the form 

dN/dt ■ K ta [1] 

t Is time measured from the start of the strain cycle. Table X indicates 

the observed values of n ere constant within the experimental conditions 

of the test. K Increased with Increasing strain rates. 

A series of tests was run to determine the effect of deformation 

rate on the emission from high purity aluminum. The results of two 

such tests, Figs. 8 and 9, also follow Equ. (l). The values of n, given 

In Table I, are substantially lower than those of the commercially 

pure material. 

« The emission Is expressed in terms of the emission remaining 
after subtraction of the background. 
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In general, specimens strained in stepwise cycles yielded far 

less emission than did specimens strained in continuous cycles. By 

using radiation from a mercury-vapor lamp during the strain cycle, 

the emission rate could he sufficiently increased to make it separable 

from the background. 

As was expected, the emission rate Increased with each additional 

strain increment, Figs. 10 and 11. Furthermore, in corresponding 

strain Increments, the emission rate was greater for the specimens 

strained at the higher rate. This is in agreement with the results of 

the continuous strain cycles. The emission growth in all stepwise 

strain cycles may also he represented by Eqn. (l), Fig. 12. It is 

interesting to note that the values of n for the continuous strain 

cycles are more nearly equal to the value of n for the first strain 

increment, than are the values for the subsequent increments, Table I. 

The physical significance of the value of n cannot he determined 

from this investigation. The results indicate that it is affected by 

the purity of the material and the amount of previous deformation. 

Grunberg and Wright^10^ found it to he dependent on the composition 

of the counter gas. It seems likely that it would also be dependent 

on the specimen material. 

The emission which was observed after the termination of the 

deformation cycle decayed erratically. Similar observations were 

reported by other investigators^In the case of continuous 

strain tests, the decay may be approximated by 

dN 
dt 

-Oft 
«* Be [2] 
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where t Is time measured from the end of the deformation cycle, a is 

the decay constant and B is a constant evaluated at t » 0. The decay 

rates are higher for lover deformation rates applied in the preceding 

growth period, Fig* 13* The emission decayed more rapidly for the 

high purity aluminum than for the commercially pure material* The 

decay for stepwise tests proceeded at almost the same logarithmic 

rate after each strain increment, Fig. lh. To determine the effect of 

deformation rate on the total emission, the area under both the growth 

and decay curves was obtained by making a summation over all the 

counting intervals, Table II* The total emission increased with higher 

rates of deformation* The high purity aluminum yielded more emission 
I 

than the commercially pure material* The total emission Increased with 

each additional strain cycle of the stepwise tests* The amount of 

increase was greater for each subsequent cycle* 



SUMMARY 

Subject to the limitations of this investigation, the following 

conclusions nay he drawn: 

1) The increase of the emission rate during plastic deformation 

can he expressed as a power function* 

2) The emission decay is approximately exponential* 

3) The total emission is greater for high rates of plastic deformation* 

h) The total emission is greater for high purity material* 

3) The emission observed for a given strain increment increases 

with increasing amounts of prior deformation* 
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TABLE 1 

Values of n and K determined from 
Figs. 7# 9» and 12 

a) 

*) 

Continuous strain cycles 
Commercially pure specimens 

Specimen 
Humber 

Speed 
(in/ain)  n K 

105 0.025 6.3 4.2 x 10"19 

104 0.05 6.36 3.4 X 10“l6 

103 0.10 5*0 6.8 x 10”11 

106 0.15 5.4 2.28 x 10"11 

High purity specimens 
3.4 32 b.o£ 2.68 x 10“& 

83 0.10 3.0 1.64 x 10"8 

Stepwise strain cycles 

Specimen #13. head speed 0.025 in/min 

Step 
Number n K 

1 5.25 8.4 xio"15 

2 2.16 1.5 X 10"* 
3 1.8 2.1 x 10"3 

4 1.3 3.6 x 10"1 

5 1.9 7.0 x 10-3 

Specimen #17. head speed 0.05 
1 4.4 

in/min ,, 
~fcr* io*1<: 

2 2.2 
-4 

9*2 x 10^ 

3 2.1 1.4 x 10"3 

4 2.36 1.7 x 10’3 



TABLE II 
Total Emission 

Summation over all counting Intervals 

a) Continuous strain cycles 

Commercially pure 
rieai 

specimens 
r~ Emission Bnission Total 

Specimen Speed Strain Growth Cycle Decay Cycle Emission 
Number (in/min) <* **) (counts) (counts) (counts) 

' 105 0.025 9 3,002 19,880 22,882 
104 0.05 9 6,808 154,267 161,075 
103 0.10 9 10,260 337,555 347,815 
106 0.15 9 10,603 1,077,079 1,087,683 

High purity specimens 
“*"§2* “’O.Ojj  9 12,771 518,771 531,997 

83 0.10 9 16,472 415,257* 

1)) Stepwise strain cycles 

Specimen #13> head speed 0*023 in/min 

Step 
Number 

Strain 
per Cycle 

<*>   

Emission 
Growth Cycle 

(counts) 

Qnlsslon 
Decay Cycle 

(counts) 

Total 
Emission 
(counts) 

1 3*5 1,845 68,011 69,856 
2 1.2 872 65,080 65,952 
3 1.2 1,131 117,361 118,492 
4 1.25 1,529 323>498 325,027 
5 1.25 2,103 620,973 623,076 

Specimen #17, head speed 0.05 in/min 

1 3*5 2,359 113,082 115,441 
1.2 1,454 109,147 110,601 

3 1.2 1*605 161,205 162,810 
4 1.2 1,806 ** 

* Decay was interrupted. 

** counting rate became too high and caused the counter to oscillate. 
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Superposition of Typical Stress—Strain 8 Emission-Strom Curves 
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Log Log Plot of Emission Growth—Four Stroight Runs 

FIC. 7 
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Strom-Emission Curves for Pure Specimens-Two Straight Runs 

FIG 8 



  Legend — 

Specimen 
Number 

Head 
Speed 

Symbol 

82 OSVMIN A 

83 10 “/MIN. ■f 

TIME (SEC.) 

Log Log Plot of Emission Growth — Two Straight Runs 

FI6.9 



— Legend — 

Step 
Number 

Head 
Speed 

Symbol 

ONE .OB 7 MIN. o 

TWO .05 "/MIN. 

THREE .05‘/MIN. © 

FOUR .OBVMIN A. 

Commercial Purity 
Mercury-Vapor Light 

Emission Growth Curves — Specimen No. 17 — Stepwise Strain Cycle 



Emission Growth, Log Log Plot, Stepwise Straining Cycle No. 13 

F*. 12 



— Legend  

Sp*6m*n 

Number 

Head 

Speed 
Symbol 

IOS .025"/MIN o 

104 .090“/MIN + 

103 10"/MIN. A 

106 . 13*/ MIN. © 

4000 6000 

Decay Curves - 

10,000 

Four Straight Runs 

FIG 13 



  Legend  

Step 

Number 

Heod 

Speed 
Symbol 

ONE 0297MIM. • 

■ TWO .0257*1* + 

THREE 02S7MIN © 

FOUR O 23 “/MIN L 

FIVE .025 “/MIN. ♦ 

10,000 12,000 

Decoy Curves for Stepwise Cycle - Specimen No. 13 

14,000 


