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ABSTRACT. The adaption of a narrow
band infrared radiation pyrometer for 
measurements of the surface tempera
ture variation in an electron beam 
welding cavity is described. Results are 
presented for welds in 1100, 2024, 5083 
and 6061 aluminum as well as Type 304 
stainless steel together wi th 20-6-9 and 
HY-180 steel, and tantalum. 

Average peak temperatures for alu
minum decreased from a maximum of 
1900 C (3452 F) for the 1100 aluminum 
alloy to 1250 C (2282 F) for the 5083 
alloy and 1080 C (1976 F) for the 7075 
alloy. For the Type 304 stainless and 
20-6-9 and HY-130 steels, peak values 
were 2100,1820 and 2290 C (3812, 3308 
and 4154 F) respectively. 

This change was shown to be due to 
the presence of relatively volatile 
constituents in the alloys. It was also 
found that for a specific material the 
peak temperature did not vary signifi
cantly wi th penetration depth. 

Introduction 

The current interpretation of the 
electron beam welding process is that 
as the kinetic energy of the electron 
beam (EB) is absorbed by the work-
piece, melting and vaporization of the 
metal occurs. Due to the reaction 
effect of the vaporizing atoms a cavity 

is formed. During quasi-steady opera
tion it is postulated that the EB passes 
through the metal vapor in the cavity 
and is absorbed at the base and walls. 
The resulting vapor pressure force on 
the base and the wall of the cavity is 
balanced by the hydrostatic pressure 
and surface tension forces of the 
molten metal l ining the cavity. 

Based on the above interpretation a 
quasi-equilibrium force balance in an 
EB cavity indicates a required base 
temperature of approximately 1900 C 
(3452 F) for welds in pure aluminum1 

and 2400 C (4352 F) for iron. At these 
temperature levels there is a strong 
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variation of vapor pressure wi th tem
perature, and it was therefore postu
lated that relatively small changes in 
cavity surface temperature could be 
very important in the stability of an EB 
weld cavity. Furthermore, it was sug
gested that small amounts of relatively 
volatile alloying elements would have 
a substantial effect on vapor pressure, 
and consequently should influence 
cavity surface temperatures and weld
ing stability. 

The potentially fundamental and 
practical importance of EB welding 
cavity surface temperatures as de
scribed above prompted consideration 
of the experimental study presented 
herein. In order to obtain local 
temperatures a small target infrared 
detector* was adapted for observa
tions inside the cavity. The system 
developed is described in the fo l low
ing section. This is fo l lowed by results 
obtained for aluminum and several of 
its alloys, three steel alloys and tanta
lum. 

Experimental Program 

Welding cavity temperature mea
surements were made in two different 
EB welding machines. Both were low 
voltage-high amperage units. The tem
perature measuring system developed 
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for the firstt (which wil l be referred to 
as the SBI) is shown in Fig. 1. To clear 
the focusing coil the viewing angle of 
the probe relative to the workpiece 
surface has to be approximately 45 
deg. Radiation from a small target area 
( ~ 0.5 mm at 0.02 in. in diameter) 
passed through a small aperture in a 
protective housing. It was then re
flected by a mirror onto the end of the 
optical sensing probe. The radiation is 
focused by a lens system on the end of 
a fiber optical cable as shown in Fig. 1. 
The focal length of this system was 13 
in. (0.33 m). The radiation is then 
transmitted through the cable to a lead 
sulfide detector cell where it is 
converted into an electrical signal. 

During welding the vapor from the 
molten metal wi l l deposit on any 
surface in direct sight of the cavity. To 
prevent deposition on the focusing 
lens of the measurement probe a 
mirror was inserted in the optical path. 
Tests revealed that the mirror reflec
tivity changed during the first 3-6 
seconds (s) after the start of welding. 
After this initial change the vapor 
continually plated onto the mirror 
over the duration of the experimental 
measurement but does not change the 
reflectivity of the mirror appreciably 
for the next 60-100 s. Therefore, 
continuous temperature measure
ments could be obtained during weld
ing. 

The lead sulfide detector cell of the 
optical probe system has a radiation 
wavelength response band of approxi
mately 1 to 2.5 micrometers. The 
manufacturer recommends treating in
strument measurements as monochro
matic at an effective wavelength of 1.4 
micrometers. Variation of this effective 
wavelength w i th temperature is indi
cated to be negligible. The signal from 
the detector is amplified and displayed 
as a direct current potential on an 
electronic digital console. The full 
scale response t ime is approximately 
2.5 milliseconds. The DC output 
potential was recorded on a strip chart 
recorder. The radiant temperature or 
brightness temperature was then de
termined from calibration data. If the 
spectral emittance of the specimen is 
known, the surface temperature can 
then be calculated. (The effect of 
absorption and emission of radiation 
by the metal vapor in a welding cavity 
was estimated to be negligible.) 

The infrared radiation pyrometer 
was calibrated with two blackbody 
cavities, one operating up to a temper
ature of 1000 C (1832 F) and the other 
operating in a temperature range of 
1100 to 3000 C (2012 to 5432 F). The 
accuracy of the calibration equipment 

fSciaky Brothers, Inc., Model No. VX rated 
at 32 kV and 500 mA. 

was approximately ± 1 % . The radiation 
pyrometer has a temperature resolu
t ion of 2%. Therefore, the accuracy of 
the obtained calibration data is con
sidered to be approximately ±3%. 

In the second welding machinet t 
(referred to as the BTI) used, the elec
tron gun configuration permitted loca
tion of the optical sensing probe so as 
to sight almost directly down in the 
welding cavity. As indicated in Fig. 2, 
the installation included a device for 
moving a teflon film across the optical 
probe opening at a rate of 1.8 cm/s to 
protect it from metal vapor deposit ion. 
Attenuation of the radiation by this 
fi lm was found to be approximately 5% 
and was accounted for in the calibra
tion of the optical probe. A mecha
nism for moving the probe back and 
forth across the cavity was also incor
porated. The response of the amplify
ing and readout unit used wi th this 
welding unit was about 100 ms 
compared to 2.5 ms for the unit used 
wi th the SBI. As a result, rapid temper
ature excursions were not observed. 

Experimental Procedure 

In the SBI the metal to be welded 
was rotated around an axis underneath 
the EB resulting in a circular weld 
bead. Temperature measurements 
were obtained whi le welding the 
fol lowing materials: aluminum and 
aluminim alloys-1100, 6061, 5083, and 
7075; steel alloys-20-6-9, HY-180 and 
Type 304 stainless steel; and finally 
pure tantalum. 

The particular alloys chosen con
tained small but significant amounts of 
volatile species. To facilitate compar
ison of the behavior of the aluminum 
materials pie shaped sections were cut 
and then mounted to form a complete 
circular plate. A detailed description of 
the test equipment and procedure is 
given in the literature.- During welding 
the same machine settings were used 
for each complete revolution of the 
plate. All of the other materials were 
welded separately. 

Welding runs were performed at 
various weld speeds over the range of 
10 to 60 ipm (4.2 to 25.4 mm/s), and 
power setting ranges of 13 to 20 kV and 
100 to 270 milliamps (mA). Tempera
ture profiles perpendicular and paral
lel to the weld were obtained for 
several of the materials. 

Voltage and current parameters se
lected for many of the test welds 
resulted in a shallow weld cavities. 
This allowed the probe to be sighted 
on or near the cavity bot tom even wi th 
a 45 deg viewing angle. For a typical 
weld sequence the beam was turned 
on and the position of the temperature 

ttBrad Thompson Industties; rated at 50 kV 
and 200 mA. 

measuring spot was manually posi
tioned by controls outside the electron 
beam chamber. To obtain the cavity 
temperature at the cavity bot tom, the 
controls were adjusted during welding 
to obtain peak output on the strip 
chart recorder. This was assumed to be 
the cavity temperature at the bot tom. 
Once the maximum reading was 
obtained, the probe was not moved 
for the duration of this particular test 
weld. This allows continuous record
ing and observation of the tempera
ture history in the region that 
represents the cavity bot tom. 

In the BTI the workpiece is moved 
linearly under the EB. Cavity tempera
ture measurements were made on 
Type 304 stainless steel, AI-1100, Al-
2024 and AI-6061. The beam potential 
was set at 31 ± 2 kV for all runs. The 
beam current was 155 ± 5 mA for 
stainless steel and 135 ± 5 mA for 
aluminum and its alloys. Temperature 
profiles parallel and perpendicular to 
the weld were measured at speeds of 
0.5, 0.8, and 1.2 cm/s for each material. 
Special effort was made to locate the 
sensing probe so that it would pass 
over the bot tom of the cavity. Unfor
tunately, due to the small cavity 
dimensions, and possible small varia
tion in cavity location wi th t ime, it is 
possible that the peak output of the 
probe did not correspond to sighting 
of the cavity bot tom. Addit ional 
details about the experiment appa
ratus may be found in the literature.3 

Interpretation of Measurements 

The infrared radiation probes used 
in this study measure the rate of 
radiant energy emitted from a molten 
metal surface in a small solid angle 
subtended by the focusing lens—Figs. 1 
and 2. Assuming the intensity of radi
ation from the molten metal surfaces 
viewed was uniform wi th probe sight
ing angle (i.e., the Lambert cosine law 
was satisfied), the spectral intensity is 
expressed in terms of the spectral 
emittance by: 

ex(T.) eXb(Tr) 
(1) 

where ex(Ts) is the hemispherical 
emissive power of a typical specimen 
surface at T„ and eXb(Tr) the emissive 
power of a blackbody at an effective 
(radiant) temperature Tr. In terms of 
the hemispherical spectral emittance 
of the specimen surface ex, ex(Ts) = ex 

eM>(T,)- Introducing the Planck law for 
ex„(Ts) and exh(Tr) (and deleting the - 1 
terms in the denominators) yields the 
fol lowing results for Ts: 

Ta = - p r - l n e , r (2) 

128-s | M A Y 1978 



Welding chamber Atmosphere 

Probe 
protective 
housing 

Fiber optic-
cable 

Photon counter 

Electronic 
digital 
display 
console 

Ink pen 
oscillo
graph 
recorder 

X - Y 
position 
controls 

X - Y positionable 
Emitting EB support table 
weld cavity 

Fig. 1—Schematic of temperature measuring system 

Welding 
chamber 
wall 

Pyrometer probe 

-Tef lon fi lm 

Radiation path 

Specimen movement 
direction V ^ E B EB weld cavity 
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Here A„ is the effective wavelength 
of the pyrometer, Ca is the second 
Planck constant = 1.4387 / im°k, Tr the 
apparent (radiant) blackbody temper
ature indicated by the probe, and ex 

the spectral emittance of the surface. 
Application of this relation requires 

a value for ex. Unfortunately no data 
could be found for this property for 
molten metals at wavelengths around 
1.4 fim. A value for a particular material 
was determined by sighting the radi
ation probe on a molten metal pool of 
a material being welded and recording 
the output as the pool solidified. Using 
the known melting temperature and 
the value of T,. corresponding to the 
solidification plateau of the cooling 
curve a value of ex would be calcu
lated from equation (2). 

In the SBI it was also necessary to 
measure the reflectivity px of the 
mirror used in the optical system since 
the intensity of radiation reaching the 
probe would be iXp = px ix. Wi th this 
measurement included values of e» 
obtained are listed in Table 1. 

Theory indicates that the total spec
tral emissivity of metals increases 
linearly wi th temperature.'"" ' Experi
mentally measured total emissivity 
values of metals over extended tem
perature ranges tend to verify the 
theory.7 However, as temperature in
creases, the spectral emissivity de
creases for wavelengths below 1 fim 
and increases for wavelengths above 2 
jum." The effective wavelength (1.4 /im) 
of the pyrometer used is in this tran

sition region. Since the temperature 
dependence of the spectral emissivity 
was unknown over the entire experi
mentally measured temperature range, 
a constant value was used. 

Cavity Effect on Temperature 
Measurements 

Another problem in measuring tem
peratures of the molten metal in a 
cavity is that since the cavity is deep 
and narrow, radiation from the inner 
surface wi l l include both emitted and 
reflected components. This effect can 
be accounted for by using the fol low
ing equation: 

hi 
C T -[• I ne , , + AT (3) 

where eXa is an apparent spectral emit
tance. 

A solution for the radiant inter
change between the inner surface 

Table 1—Emittance Values of Liquid 
Metals Measured at Melting Temperatures 
and at an Effective Wavelength of 1.4 
Microns 

Material 

A luminum 
304 stainless steel 
20-6-9 steel 
HY-180 steel 
Tantalum 

Emittance 

0.20 
0.36"" 
0.42 
0.26 
0.28 

elements of a conical cavity wi th a 
uniform surface temperature by Lin 
and Sparrow" allows an estimate to be 
made for the cavity effect. The appar
ent spectral emittance for use in equa
tion (3) is approximated to be: 

eX!l = ex + (1 - ex)ex Ed (4) 

' "Tesls in the BTI we ld ing unit y ie lded an average value of 
0.37. 

where ex is the spectral emittance of 
the cavity surface and EdAi.Aa is the 
exchange factor. The increase in eXa 

for temperature measurements made 
in shallow cavities can range from 10% 
at the top to 40% at the bottom. The 
accuracy of these values are depen
dent on factors which are not precisely 
known (such as partial specular diffuse 
reflection, variation in the cavity 
geometry as a funct ion of time and 
variation in the surface spectral emit
tance). Fortunately, however, a highly 
precise value of eXi, is not needed to 
obtain a good approximation to the 
surface temperature. 

Results 

Electron Beam Welding Cavity 
Temperature Distributions 

To obtain the temperature distribu
t ion in a weld cavity produced in the 
SBI, the location in the cavity on which 
the pyrometer was focused was 
changed during a test weld. This 
resulted in records such as is shown in 
Fig. 3. Note that the temperature fluc
tuations wi th time increase as the 
centerline is approached. However, 
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Fig. 4—Measured temperatures across 1100 Al weld cavity during 
one pass EB weld and approximated cavity shape based on weld 
section. Also shown is the geometrical relationship between the 
temperature probe and the liquid material surface 
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the maximum excursions are only on 
the order of 100 C (180 F) so that a 
mean value can be easily defined. 
Temperatures from a series of local 
measurements yielded distributions as 
illustrated in Fig. 4, for Al-1100. The 
curve labeled "max" is for the upper 
envelope of the probe response 
record, and that labeled " m i n " is for 
the lower envelope. 

Similar results obtained wi th the BTI 
are shown in Fig. 5. Temperature distri
butions were evaluated from the 
measured pyrometer response using 
values of ex„ = 0.2 and 0.5. The first 
value would apply if no cavity interre-
flections were present. The second 
eXa = 0.5 was estimated to apply to a 
conical cavity of approximately 15 deg 
half angle. Since eXa wou ld be 
expected to vary from 0.5 near the base 
to 0.2 at the cavity opening, the true 
temperature distribution varies from 
eXa = 0.2 curve at the opening to 
eXa = 0.5 curve along the cavity sides. 

In view of the narrowness of the 
cavity in the base region and the fact 
that molten fluid was f lowing in and 
out, there is some question as to 
whether the maximum base tempera
ture was observed wi th the probe in 
these tests. Because of this it is 
believed that the temperature at the 
base shown for eXa = 0.5 is low and 
that the actual value falls between the 
peak values for the two curves shown. 
Note that the average value is about 
1900 C (3452 F) which is in good 
agreement wi th the results from the 

SBI. 
The temperature measurements 

were obtained for many different 
machine power settings and welding 
speeds but the observed peak temper
ature remained relatively constant for 
a specific material. Weld sections 
revealed that spiking occurred during 
several of the test welds. Detailed 
analysis along the centerline weld 
section of these welds exhibiting 
spiking did not show any correlation 
wi th the measured temperature levels 
corresponding to the region contain
ing spiking. 

Effect of Alloying Elements 

To demonstrate the effect of volatile 
elements in an alloy on the cavity 
temperature and to make a direct 
comparison of several alloys the 
fol lowing test set-up was devised. Four 
90 deg pie-shaped flat plate specimens 
of aluminum alloys 1100, 5083, 6061, 
and 7075 were fabricated and assem
bled to form a circular plate as shown 
in Fig. 6. During a test sequence, the 
machine power setting (SBI) and 
welding speed were maintained con
stant for a weld pass through all four 
materials. Peak temperature measure
ments, using the method previously 
described, indicated that the cavity 
temperature was highest for the 1100 
aluminum and lowest for the 5083 and 
7075 aluminum alloys. 

As the magnesium and zinc contents 
of the aluminum alloys (1% Mg), 5083 

(4.5% Mg) and 7075 (2.5% Mg, 5.5% Zn) 
increase, the peak measured tempera
ture decreases. Essentially the same 
vapor pressure is required to maintain 
equil ibrium in each of these welds. 
Since the elemental vapor pressures of 
these volatile elements are orders of 
magnitude greater than pure alumi
num, the presence of a small fraction 
of them results in sufficient vapor 
pressure to produce a cavity at a lower 
temperature than for pure aluminum. 
The substantial effect of these alloying 
elements is illustrated in Fig. 7, which 
shows a pyrometer record of a test 
weld in 1100 aluminum wi th a small 
7075 aluminum alloy sample placed in 
the weld path. Values of the peak 
temperatures measured for these al
loys and other metals are listed in 
Table 2. 

Cavity temperature distribution in 
alloys is illustrated in Figs. 8 and 9 for 
Al 7075 and 20-6-9 steel. Note that the 
temperature tends to decrease slowly 
near the bottom (center) of the cavity 
but rapidly near the top. This can be 
attributed to the higher beam energy 
flux near the center and to less 
constriction of the vapor near the 
cavity opening. 

Material Composition Change of Alloy in 
Weld Region 

A weld test series on the aluminum 
alloys 1100, 5083, 6061, and 7075, in 
which repetitive weld passes (with the 
SBI) were made over the same weld 
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bead region yielded changes in ob
served peak temperatures shown in 
Fig. 10. The increases in measured peak 

temperatures wi th an increase in 
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Fig. 6—Focused probe optical system and 
protective housing mounted on x-y posi-
tionable support table in welding cham
ber 

highly volatile elements in the weld 
bead region. 

A microanalysis of each weld sec
tion after 6 weld passes revealed 
decreases in the amounts of the most 
volatile element as shown in Table 4. A 
chemical composit ion analysis of a 
deep penetration weld (115 mm) in a 
steel alloy produced similar results," in 
that only the concentration of the 
most volatile element, manganese, 
was reduced for a single pass EB weld 
from 0.87 to 0.17%. This test series on 
the aluminum alloys suggests that a 
very small reduction in concentration 
of the volatile elements results in a 
significant and easily detectable 
change in the peak cavity tempera
ture. 

Prediction of Peak Temperatures 

The validity of the measured tem
peratures was tested by comparison 
with weld cavity base temperatures 
predicted assuming that the metal 

Table 2—Representative Peak 
Temperatures 

Material 

1100 Al 
2024 Al 
5083 AI 
6061 Al 
7075 Al 
Type 304 stainless 

steel 
20-6-9 steel 
Hy-180 steel 
Tantalum 

Tempera 
ture, 
°C 

1900 
1700 
1250 
1800 
1080 
2100 

1820 
2290 
4440 

Tempera
ture 

variation, 
°C 

± 100 
± 100 
± 100 
± 100 
± 100 
± 50 

± 40 
± 60 
± 150 
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vapor was in equil ibrium wi th the 
liquid. Considering a quasi-steady cav
ity a force balance on the surface of 
the molten metal at the bot tom shows 
that the pressure of the metal vapor, 
pv, required to maintain equi l ibr ium 
with the surface tension and hydro
static head forces is by:T 

Pv = 2cr/r + pgh (5) 

Here CT is the surface tension, r the 
radius of curvature of the molten 
metal at the cavity base, p the metal 
density and h the cavity depth. For 
typical weld cavities the hydrostatic 
head term pgh, is found to be small 
compared to the surface tension effect 
(on the order of 10%). 

A first approximation to the vapor 
pressure can be obtained by esti
mating the cavity base radius from a 
postweld section if the surface tension 
of the metal is known. Data for the 
latter as a function of temperature are 
available for pure metals."1 Fortunate

ly, surface tension variation wi th 
temperature is modest compared to 
vapor pressure. Hence it is anticipated 
that reasonably accurate values of a in 
equation (5) wil l yield acceptable 
values for pv. From the calculated 
values of pv the associated tempera
ture can be determined using vapor 
pressure data for pure metals." 

The above procedure was carried 
out for pure aluminum and for steel 
(using values of a for iron). Assuming 
a cavity base radius of 0.05 cm and 
apparent emissivity of 0.3 for Al-1100 
predicted peak temperatures were 
about 5% higher than measured. Wi th 
the same cavity base radius and an 
apparent emissivity of 0.6, predicted 
values for steel agreed wi th in ±5% of 
measured values. 

These variations are wi th in the 
accuracy of the measurements and 
tend to confirm the concept that vapor 
pressure plays a major role in support
ing EB weld cavities and that close to 
thermal equil ibrium conditions exist in 

Table 3—Microanalysis'" of Aluminum 

Alloy 

5083 

6061 

7075 

and location 

Base metal 
We ld region 
Base metal 
Weld region 
Base metal 
Weld region 

Alloys 

Zn 

-
-

0.12 
0.02 
6.1 
4.9 

In wt % After S 

Mn 

0.83 
0.63 

-
-
-
— 

ix Weld Passes 

Mg 

3.74 
3.47 
0.78 
0.65 
2.1 
2.0 

Cu 

-
-
-
-
1.3 
1.3 

"2 to 4% relative error. 

the cavity. Application of this ap
proach to alloys wi th highly volati le 
components is being studied. It wi l l be 
necessary to develop a procedure for 
determining the appropriate values of 
surface tension and vapor pressure. 

Conclusions 

1. EB welding cavity base surface 
temperatures are relatively constant 
wi th varying penetration depth for a 
specific material. 

2. Comparison of temperature re
cordings wi th weld root sections indi
cated no correlation between spiking 
conditions and measured temperature 
level. 

3. The peak cavity surface tempera
tures for AI-6061, AI-2024, AI-5083 
and AI-7075 are lower than that of Al-
1100 because they each contain signif
icant amounts of highly volatile mag
nesium and zinc. 

4. Temperature measurements of 
the cavity base after repeated weld 
passes indicate that, when very small 
amounts of highly volatile elements 
are evaporated, there is a substantial 
increase in temperature; this explains 
why the amount of volatile elements 
in an alloy can have a dramatic effect 
on the behavior of the cavity during 
welding. 
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