
An Electrostatic Probe for Laser Beam 
Welding Diagnostics 

A simplified theory for determining electron density is 
validated by probes into the laser plume 
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ABSTRACT. In laser beam welding it has 
been found that the interaction of the 
material vaporized from the surface with 
the incoming laser beam can strongly 
affect the size and shape of the weld 
produced. To understand the physics of 
this interaction, measurements of the 
characteristics of the vapor plume pro
duced are desirable. Diagnostic measure
ments of temperature, pressure and elec
tron density on pulsed laser weld vapor 
plumes are difficult because of the short 
times and high temperatures involved. 
The use of electrostatic probes to make 
such measurements has been investigat
ed and is the subject of this paper. A 
simplified electrostatic probe theory has 
been developed and applied to the data 
taken from probe measurements on alu
minum and steel samples welded by a 
Nd:YAC pulsed laser. 

Introduction 

An experimental means of determining 
the electron density of the plasma in the 
vapor plume produced by a laser beam 
weld would be useful as a diagnostic tool 
for determining temperature, pressure, 
or possible nonequilibrium effects of 
electrical breakdown of the plume by the 
high-density incident beam. Since the 
zone above the weld is small (typically 
less than 1 mm in diameter) and the 
vapor plume is only present for a few 
milliseconds in pulsed welding, this is not 
an easy measurement to make. Spectro-
scopic measurements of temperature in 
this region have been made by H. C. 
Peebles at Sandia National Labs for 
Nd:YAC pulsed welds on aluminum (Ref. 
1). These measurements indicate that the 
vapor plume is close to the boiling tem
perature for incident power densities of 
= 5000 W/mm 2 . If thermochemical equi-
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librium is assumed, the electron density 
can be calculated with ordinary chemical 
equilibrium models. 

In order to verify these measurements, 
it would be useful to obtain an indepen
dent measure of the electron density in 
this region. Electrostatic probes are one 
possible way to make such a measure
ment (Refs. 2, 3). Although the construc
tion and use of such probes are relatively 
simple, the data interpretation to obtain 
the desired parameters is not. This paper 
will develop a simplified theory for the 
interpretation of data from a hollow 
cylindrical probe operating in the pres
sure and temperature range typical of 
laser vapor plumes, and apply it to the 
data taken from probe measurements of 
pulsed laser weld plumes. 

Probe Geometry 

An electric probe consists of two 
metallic electrodes in contact with the 
ionized gas that is to be measured. Figure 
1 shows a sketch of the geometry of the 
cylindrical probe used. The workpiece 
itself serves as one of the electrodes, and 
a thin (0.25-mm/0.01-in.) strip of molyb
denum with a hole in it just large enough 
(1 mm/0.04 in.) to pass the laser beam is 
the other electrode. All surfaces of the 
molybdenum strip, except that of the 
interior of the hole, are covered by an 
electrically insulating Kapton film 0.127 
mm thick. The molybdenum strip is 
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placed flat on the workpiece and aligned 
so that the laser beam passes through the 
hole. With this arrangement, the active 
probe surfaces are the molten weld pool 
directly under the hole and the interior 
hole surface. The advantages of this 
geometry are: contact with the gas of 
interest is obtained without obstructing 
the laser beam or destroying the probe; 
enclosure of the flowing plume adjacent 
to the surface inhibits entrainment of air 
in that region, which would cool the 
plume and change its properties; and a 
relatively simple computational region is 
produced so that the numerical solution 
of Laplace's equation required for data 
interpretation is made easy. 

There are two ways that the elec
trodes can be connected. The first is with 
the workpiece as the anode and the 
probe strip as the cathode. With that 
connection, the current-voltage charac
teristic will exhibit a near-saturation effect 
as the voltage increases. Most of the 
applied voltage will be dropped across a 
very thin charged layer (the sheath) adja
cent to the cathode. The saturation cur
rent can be interpreted as the natural ion 
diffusion rate at the edge of the sheath 
nearest the hot gas. Since this diffusion 
current is proportional to the ion number 
density and square root of temperature 
at the edge of the sheath, a very simple 
estimate of either of these properties can 
be made if the other is known. In addi
tion, the slope of the current-voltage 
characteristic near the zero-current 
region can be related to the electron 
temperature (Ref. 2). 

The disadvantage of this connection is 
that the properties measured are those of 
the gas at the edge of the hole. That gas 
is out of the laser beam and only at the 
edge of any possible plume-beam inter
action. It also may be cooler than the 
core-flow gas because it is near a cool 
surface. The other possible connection 
reverses the polarity so that the work-
piece is the cathode. The gas at the edge 
of the cathode sheath would then be the 
core-flow gas (generated by vaporization 
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at the cathode) and is directly in the laser 
path. The disadvantage of this connec
tion is that the cathode is at the vaporiza
tion temperature and will be thermioni-
cally emitting electrons. The current-volt
age characteristic may no longer exhibit 
saturation at voltages low enough that 
the plasma is not disturbed by energy 
input from the probe, and the easy inter
pretations of probe data made with the 
first connection are no longer possible. 
However, in the regimes of interest for 
many laser beam welding problems, a 
simplified theory for that case can be 
applied to low-voltage data. This theory 
is developed in the next section. 

Theory 

The usual approach to solving continu
um probe problems is to write species 
conservation equations for ions and elec
trons, and Poisson's equation to relate 
the electric potential to the net charge 
density at a point and solve the system 
numerically (Ref. 4). The neutral density, 
temperature and velocity are taken from 
an uncoupled fluid dynamics solution. 
This approach works well for low-density 
plasmas (with electron densities less than 
1012 cm - 3) but becomes more difficult as 
the number density increases because 
the equations become stiff and resolution 
of the sheath requires very fine gridding. 
A thermionic emission boundary condi
tion at the cathode further complicates 
the present problem, which typically 
involves electron densities of 1014 cm - 3 . 
For those reasons, a simpler approach 
will be taken. 

The assumptions used in developing 
the probe equations to be used are: 

1) The plume in the probe region 
(bounded by the work surface, the cylin
drical hole wall and the outside surface of 
the strip) can be divided into three zones: 
a core-flow zone occupying most of the 
volume in which the plasma is homoge
neous, isothermal, neutral, and moving 
straight up with a velocity U; an anode 
sheath zone which is negatively charged; 
and a cathode sheath zone which has 
both electron-rich and positive-ion-rich 
structure. 

2) The vapor is singly ionized. 
3) There is frozen chemistry in the 

sheath regions. 
4) All the particles diffusing into a 

sheath region, in which there is no retard
ing potential, reach the electrode. 

5) No air is entrained in the vapor 
plume until it exits the probe region, after 
which it cools rapidly and no currents are 
carried outside the probe region. 

For most of the metal vapor plumes 
observed, the velocities have been less 
than tens of" meters per s; therefore, the 
Reynolds number is low and the bound
ary layer can grow rapidly. The constant 
velocity assumption in the first consider-
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ation is weak, but it has little influence on 
the solutions because field-induced and 
diffusive velocities dominate these low-
convective motions. Because most 
vapors have a high heat of vaporization, 
the effective Prandtl number near the 
vaporization temperature becomes very 
large and the thermal boundary layer 
becomes small so that the isothermal 
assumption is justified. 

The voltage applied to the probe1 V 
results in voltage drops across three 
regions: in the anode sheath, Va; the 
core-flow plasma, Vp; and the cathode 
sheath, Vc. 

Anode Region 

For a voltage rise from anode to sheath 
edge less than the floating potential 

kT . / Temj , 
Vfioat = — In \ / the current den-

e V Tjme 

sity at the anode, j a , is related to voltage 
drop across the anode sheath by 

--en(i lL) 
V 2-n-m; / 

kT 

+ 

eVa 
( ^ M - e x p ( ^ ) 
V 27rmP / V |<Te / 

(1) 

where e is the absolute value of the 
electronic charge, n is the charged spe
cies number density, T is the tempera
ture, m is the mass, and the subscripts i 
and e refer to ions and electrons, respec
tively. 

The first term on the right represents 
the natural ion diffusion current to the 
anode and will be referred to as the ion 
saturation current density, jjS. The second 
term on the right represents the electron 
diffusion current to anode, which is 
reduced because of the retarding poten
tial, Va (which is negative). 

1lf the anode and cathode are different 
materials, the work function difference 
Wc — Wa must be added to the external 
voltage to obtain the applied voltage. 

Equation 1 may be solved for the 
potential of the plasma at the anode 
sheath edge with respect to the anode, 
-V. 

-v. 
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e 
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For the core-flow plasma, it will be 
assumed that the electron and heavy 
particle temperatures are approximately 
equal. The conductivity of the plasma <r in 
this region is 

, 1 1 
<T = nez( 1 

me^e nyxvx 

(3) 

where v is the collision frequency. Using 
the relationship for diffusion coefficient 
of a charged species in a neutral gas 
D = kT/rrac, and 0 = Di /De = \fmjml, 
the conductivity may be written in terms 
of the diffusion coefficient of the ions. 

ne2Di 1 
- ( - + 1 ) 

kT 8 
(4) 

For a constant conductivity, the solution 
of the Laplace equation over the core-
flow region will give the potential field 
distribution in the core. The gradient of 
that field times the conductivity will give 
the current density, and integration of the 
current density over the electrodes gives 
the probe current. In order to solve the 
Laplace equation, however, the potential 
boundary conditions over the core-flow 
region must be known. The potential at 
anode sheath edge can be obtained from 
Equation 2, and a similar equation must 
be obtained for cathode sheath edge. 

Cathode Region 

Before developing the cathode sheath 
current-voltage relation, some current 
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magnitude scoping calculations will be 
done so that some simplifying assump
tions can be made. The natural ion diffu
sion current density at the cathode 
sheath is given by the same relation as the 
ion saturation current density at the 
anode sheath (see Equation 1). For an 
aluminum weld at atmospheric pressure, 
the vapor plume temperature is approxi
mately 3000 K. The equilibrium ionization 
density, n, is 1.8 X 1020 m - 3 . The mass of 
an aluminum ion is 4.5 X 10~26 kg. The 
ion saturation current density is then 
fe = 1.1 X 104 A /m 2 . The electron satu
ration current density is \Jrri]/me = 222 
times this value, so that j e s = 2.45 X 106 

A/m 2 . Saturation electron emission cur
rent density can be calculated from the 
Richardson equation (Ref. 5) which is 

= AT7 exp 
r kT 

(5) 

where A is Richardson's constant and is 
s»600,000 for most metals, and 4> is the 
work function, which for aluminum is 
taken as 4.2 V (Ref. 6). 

With these values, j e m = 4.75 X 10s 

A/m 2 . Since the electron emission current 
is more than an order of magnitude larger 
than the ion saturation current, but much 
less than the electron saturation current, 
there will still need to be a positive ion 
sheath to retard the incoming electrons. 
Close to the cathode, however, there are 
sufficient electrons emitted to totally neu
tralize any ions present and to form an 
electron sheath. This two-structure 
sheath for electron emitting probes has 
been treated in Ref. 7. Under these 
conditions, the electron current actually 
leaving the electron sheath area will be 
space charge limited. The electron mean 
free path in air at 3000 K is « 5.6 X 10"6 

m (Ref. 8), and it is assumed that it is of 
the same order in aluminum vapor. The 
Debye length (69\/T7n) is 2.8 X 10~7 m. 
Since mean free path is much larger than 
Debye length, the electron sheath may 
be considered collisionless and the space 
charge limited current density, jsci, may 
be estimated by (Ref. 5) 

Fig. 2 —Calculated 
equipotential lines in 
the right half of the 
axisymmetric probe 

core-flow region 
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jsd = 2.33 X 10-
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where d is the total cathode sheath 
thickness and is approximately 30-50 
Debye lengths (Ref. 4). Assuming d = 50 
Debye lengths, j s d « 1.2 X 104VC* 
which is approximately equal to the ion 
saturation current density for sheath 
potentials on the order of 1 V. 

The total cathode current density may 
then be written 

= Jis ~ les exp 
, -eVc 

eT„ 
) + jsd (7) 

Substituting the appropriate expressions 
for the j's this may be written as 

kT 
Vc = Vfloat In 11 _ - + — I 

e \ h. h, / 

k T r 
Vc = — ln(222)-

e L 

(8) 

In ( 1 - - + 
Jsd 

)] (c») 

For probe currents on the order of the 
ion saturation current, the second log 
term is smaller than the first and repre
sents a perturbation around the floating 
potential. The cathode potential is not 
very sensitive to the estimate used for the 
sheath thickness d (a 67% change in d 
results in a 17% change in Vc), and a value 
of d = 50 Debye lengths was assumed 
for the calculated results shown in this 
paper. 

Materials such as iron or nickel, which 
have higher ionization potentials, are 
found to have electron emission current 
densities approximately equal to the elec
tron saturation current at one atmo
sphere and vaporization temperature. In 
those cases, the emission current will still 
be space charge limited and the same 
arguments given above are still applica
ble. 

(- 0.160 -

0.178 

Expressions for the potential at the 
boundaries of the core-flow region next 
to the electrodes have now been given. 
The assumption that no current flow 

<9V 
outside this region implies that — = 0 at 

dz 
the upper boundary and from symme-

av 
try — = 0 at the centerline, and all the 

dr 
boundary conditions necessary to solve 
the Laplace equation are available (al
though they must be iterated with the 
solution since the anode and cathode 
voltage conditions depend on the current 
density). 

When the voltage applied to the 
probe is less than a few volts, the above 
equations may be iteratively solved for 
the probe current for various assumed 
values of temperature and pressure, and 
comparisons of data with these calcu
lated current-voltage characteristics per
mit an estimate of temperature to be 
made. 

Figure 2 shows a contour plot of the 
equipotential lines in the right-half zone 
of the axisymmetric computational 
region. This calculation corresponds to a 
1-V applied potential to an isothermal 
aluminum vapor plasma at 3000 K. The 
current density distribution that this 
potential field produces is shown in Figs. 
3 and 4 for the workpiece and probe, 
respectively. It is seen that most of the 
current flows from the lower portion of 
the probe to the outer half of the beam 
spot on the workpiece. 

Field-Induced Electron Density 

The derivations given above have 
been made under the assumption that 
the electron and ion temperatures were 
the same and that the presence of the 
applied probe potential did not change 
the electron number density. This will be 
true if the ratio of electric field strength to 
pressure is below 50 V/m-torr (Ref. 9). A 
correction for the enhancement of the 
electron number density due to the pres
ence of the electric field may be made as 
follows. 

The electric field strength in the core-
flow region may be estimated by dividing 
the applied probe voltage by the average 
current flow path length (<=s the insulator 
thickness) or actually calculated locally 
from the Laplace equation or Equation 
13. The average thermal velocity of the 
electrons ce may be calculated from the 
solution to the Langevin equation (Ref. 

r 2 eE 

L k meu€ 

mi 
+ ( —)cf 

mP 

(10) 

0.0 0.1 0.1 0.4 O.S O.S 0.7 
NORMALIZED RADIUS 

O.S O.S 1.0 

where k is the fraction of energy lost by 
collision by an electron, E is the electric 
field strength, ve is the electron collision 
frequency, and q is the thermal speed of 
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Fig. 3 — Calculated current density distribution on the workpiece 
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the ions. If it is assumed that electron 
interactions in the vapor are similar to 
those in air, k may be estimated for 
temperatures less than 10,000 K by (Ref. 
9) 

2me 3kTe 
k = — - + 0.008 

m, 2e 
(11) 

The first term on the right side of 
Equation 11 is the mean fraction of 
energy lost per elastic collision, and the 
second term is a crude estimate of the 
energy fraction lost by inelastic collisions. 
If energy loss data are available for the 
vapor of interest, a more accurate esti
mate of k should be used. 

Te is obtained by iteratively solving 
Equations 10 and 11, and an expression 
for electron temperature Equation 12 

Te = 
3k 

(12) 

The field enhanced electron density, n, is 
then found by multiplying the equilibrium 
number density, n0, by the Saha factor 

<j>\e T i 
(Ref. 10) e x p ( ^ - ( 1 - -L)). 

kTj Te 
If there is a significant change in con

ductivity due to field enhanced electron 
density, the electric potential 4> in the 
core-flow region must be calculated from 
an equation derived from the continuity 
of current density, V • j = 0, instead of 
the Laplace equation, 

V24> = -
V0 • VCT 

(13) 

where $ is the electric potential. 

Experimental Procedure 

The electrostatic probe tests were 
conducted with a pulsed Nd:YAG laser 
(1.06 ,um wavelength). The welding 
parameters were as follows: 7.2-ms pulse 
duration, 10-Hz pulse frequency, and a 
laser energy of 14.2 J per pulse. The focal 
length from the lens to the workpiece 
was 114.3 mm (4.5 in.), and the laser spot 

diameter was 0.91 mm (0.035 in.) at the 
surface of the workpiece. 

A schematic diagram of the electrostat
ic probe circuit is shown in Fig. 5. The 
electric probe, as shown in Fig. 1, con
sisted of a 0.254-mm (0.010-in.) thick 
sheet of molybdenum (25.4 mm wide 
and 76.2 mm long/1 X 3 in.), which was 
drilled with an array of 1-mm (0.04-in.) 
diameter holes. This arrangement al
lowed each test to be conducted on a 
new hole, which provided more consis
tent test results. The top surface of the 
molybdenum electrode was electrically 
insulated with a single layer of Kapton 
film 0.0635 mm thick (0.002 in.), and the 
bottom surface of the molybdenum was 
covered with two layers of Kapton film 
0.127 mm (0.005 in.) thick. The drilled 
holes were covered with Kapton and 
punched to expose the inner cylindrical 
surface of the hole to the vapor plume. 
The surface of the workpiece was grit 
blasted with 50-,um-diameter alumina 
particles to provide a uniform surface 
roughness. The molybdenum electrode 
was then clamped securely on the top of 
the workpiece. Both the molybdenum 
electrode and the workpiece were 
attached to an x-y table. This allowed the 
laser to be easily repositioned to center 
of a hole. 

Different power settings were provid

ed by a power supply. The circuit current 
was determined by measuring the volt
age drop across a 1-K°. resistor (Vresjs). 
The voltage across the power supply was 
also measured (Vpower supply) to insure that 
a constant voltage was maintained during 
the tests. The voltage drop across the 
probe was calculated by; 

VP = V power supply - v r , (14) 

POWER • -
SUPPLY _-: 

I K Q 

t -

' 

.MOLYBDENUM 
S ELECTRODE 

r ' 

S 

TYORKMECE 

J 

TO P.ECORDINQ 
OSCILLOSCOPE 

A Nicolet 4094 oscilloscope was used 
to measure the two voltages and the 
laser pulse as a function of time. The 
voltage traces on the oscilloscope were 
set to trigger simultaneously with the 
laser pulse. After a particular test, a check 
was made to insure that the electric 
probe circuit was not shorted before 
another test was conducted. Tests results 
were obtained for power supply settings 
ranging from +10 V to - 2 5 V. The 
negative power supply voltage implies 
that the hot electrode (workpiece) is now 
positive. This arrangement provides 
information on the saturation current. 
Results were also obtained for an open 
circuit whereby the power supply is 
removed and the 1-K°. resistor is 
replaced by a 1-MQ resistor. 

Experimental Results 

Figure 6 shows a typical voltage trace 

Fig. 5 — Circuit 
diagram for probe 
circuit measurements 
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oscillogram of probe 

current during a 
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across a 1000-ohm resistor in series with 
the probe. This voltage is proportional to 
the probe current. As can be seen, the 
current varies with time as the vapor 
plume forms and decays. A visually aver
aged value near the peak current (hori
zontal line) is taken to represent the 
datum for this pulse. Open-circuit volt
ages across the probe (across a 1-
megohm resistor) showed a time-varying 
signal in which the workpiece was initially 
positive (due to thermionic emission), 
then negative (indicating a higher temper
ature and floating potential of the vapor 
adjacent to the boiling surface over that 
of the probe surface), and then relaxing 
to zero near the end of the pulse (indicat
ing equilibration of the temperature, 
probably due to condensation near the 
probe surface). When possible, data 
were taken from peaks near the end of 
the pulse. 

The theoretical current-voltage charac
teristics at several temperatures for the 
cylindrical probe used are shown in Fig. 7, 
along with data taken from a series of 
experiments on Type 1100 aluminum. In 
calculating these curves, the electron col-

TIME (5 ms/dlv.) 

lision frequency in aluminum vapor must 
be used. Apart from the alkali metals and 
mercury, there is not much data available 
for collision cross-sections of electrons in 
metal vapors. Estimates of the collision 
frequency were made as follows. The ion 
saturation current of the probe when the 
workpiece is positive (left edge of Fig. 7) 
is a function of number density and 
temperature, and is theoretically inde
pendent of collision frequency. If chemi
cal equilibrium is assumed, the tempera
ture is then determined. The right side of 
the characteristic is a function of number 
density, temperature and collision fre
quency. If the collision frequency is 
adjusted so that all the data cluster 
around the same temperature curve, an 
estimate of the collision cross-section can 
be made. This is consistent with the 
assumption of constant temperature in 
the plasma, which is not necessarily cor
rect. The vaporization temperature of 
aluminum at one atmosphere is a; 2700 
K. The data taken tend to cluster around 
3000 K. The collision cross-section for 
electrons in aluminum vapor is then cal
culated to be 3.7 X 10~18 m2, approxi

mately equal to that for electrons in 
cesium vapor at the same energy (Ref. 
11). 

Almost all the data taken for aluminum 
fall in the temperature range of 2700 to 
3300 K. Spectroscopic data taken by 
Peebles (Ref. 1) for similar energy pulses 
indicated temperatures that were slightly 
higher (=3500 K). The spectroscopic 
technique used however is most sensitive 
to the higher temperature portions of a 
gas with spatial temperature variations, 
whereas the probe technique is limited 
by the presence of low-temperature 
regions so this discrepancy is not surpris
ing. 

A similar procedure was carried out for 
experiments on mild carbon steel. The 
calculated current-voltage curves shown 
in Fig. 8 are for pure iron. Since the 
ionization potential and work function for 
carbon are higher than those of iron, it 
was considered that this was a suitable 
approximation. The vaporization temper
ature of iron is S3 3000 K, and again it is 
seen that the data cluster around a tem
perature that is higher than this value 
(3500 K). The electron collision cross-
section for this case was found to be 

Conclusions 

An electrostatic probe, and the theory 
for interpreting the data from it, have 
been developed for performing diagnos
tics on pulsed laser beam welding 
plumes. Data taken from aluminum and 
steel samples indicated plume tempera
tures that were only slightly higher than 
the vaporization temperatures, which 
agrees with spectroscopic measure
ments. No evidence of plasma break
down or highly nonequilibrium electron 
densities were observed at the power 
densities used (3000 W/mm 2 ) in open 
atmosphere welds. More recent unpub
lished spectroscopic observations by 
H. C. Peebles indicate that in oxygen-free 
environments, high electron densities are 

o 
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Fig. 7 — Probe current/voltage characteristics for aluminum 1100. Circles 
are measured data 

Fig. 8 —Probe current/voltage characteristics tor iron, circm aic 
measured data 
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observed even at low powers. The use 
of probes to independently verify and 
investigate these results is therefore of 
importance to welding research and 
modeling efforts. 

One of the disadvantages of using 
conductivity-sensitive probes is the 
requirement that the electron collision 
cross-sections with the various material 
vapors should be known for proper data 
interpretation. This difficulty was partially 
avoided in the present study by assuming 
constant temperature in the core-flow 
plasma and using the ion-saturation cur
rent to the cool electrode to estimate the 
collision cross-sections. The probe cur
rent is inversely proportional to the colli
sion cross-section but varies exponential
ly with temperature so that an error in 
collision cross-section does not radically 
affect the temperature and number den
sity estimates. The sparsity of data, how
ever, must be seen as a limitation on the 
accuracy of probe techniques. 

Open-circuit measurements of probe 
voltage indicate that the isothermal plas

ma assumption is only correct for part of 
the vapor plume duration. At early times, 
the plasma temperature over the work-
piece seems to be higher than that of the 
plasma sweeping across the probe. Dur
ing the last half (approximately) of the 
pulse, the open-circuit voltage goes to a 
small value indicating a small difference of 
temperature at the sheath edges. 

Because of the low-temperature insu
lation used in the probe, it was not 
practical to reuse the same probe for 
successive measurements. Indeed, when 
used in that way, circuit shorts were 
more likely to develop. It is believed this 
can be alleviated by better probe con
struction. 
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Interpretive Report on Dynamic Analysis of Pressure Components—Fourth Edition 

This fourth edit ion represents a major revision of WRC Bulletin 303 issued in 1985. It retains the three 
sections on pressure transients, fluid structure interaction and seismic analysis. Significant revisions 
were made to make them current. A new section has been included on Dynamic Stress Criteria which 
emphasizes the importance of this technology. A new section has also been included on Dynamic 
Restraints that primari ly addresses snubbers, but also discusses alternatives to snubbers, such as l imit 
stop devices and flexible steel plate energy absorbers. 

Publication of this report was sponsored by the Subcommit tee on Dynamic Analysis of Pressure 
Components of the Pressure Vessel Research Commit tee of the Welding Research Council. The price of 
WRC Bulletin 336 is $20.00 per copy, plus $5.00 for postage and handling. Orders should be sent with 
payment to the Welding Research Council, Suite 1301 , 345 E. 47th St., New York, NY 10017. 
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Development of Tightness Test Procedures for Gaskets in Elevated Temperature Service 
By A. Bazergui and L. Marchand 

In this report, different elevated temperature gasket tightness test procedures are compared. A 
two-t ier test approach, involving aging of the preloaded gasket in a kiln fol lowed by a short duration 
tightness test was evaluated. The procedures were evaluated using spiral-wound gaskets with two 
different fillers: a mica-graphite filler and an asbestos filler. 

Publication of this report was sponsored by the Subcommit tee on Bolted Flanged Connections of the 
Pressure Vessel Research Commit tee of the Welding Research Council. The price of WRC Bulletin 339 is 
$16.00 per copy, plus $5.00 for postage and handling. Orders should be sent with payment to the 
Welding Research Council, 345 E. 47th St., Suite 1301, New York, NY 10017. 
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