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A Critical Evaluation of the Glycerin Test 

Constituents other than hydrogen are present in gas 

collected during testing, and variations in glassware shape 

and size dramatically affect gas volumes actually collected 

BY M. A. QUINTANA 

ABSTRACT. In recent years there has 
developed a rising interest in the mea
surement of the diffusible hydrogen con
tent of weldments. As a result, the glyc
erin test has been adopted as a standard 
test method for diffusible hydrogen mea
surement throughout the welding indus
try. However, recent work has revealed 
that test results are of questionable valid
ity. Analyses of the gas collected utilizing 
this technique indicate that constituents 
other than hydrogen are present in signif
icant proportions and that those propor
tions exhibit significant variation. In addi
tion, variations in hardware shape and 
size can dramatically affect the gas vol
ume actually collected. 

This paper discusses these problems in 
detail and identifies the probable causes. 
Among the items discussed are the solu
bility properties and purity of the glycerin 
bath, the effect of environmental factors 
on the bath, the effect of sample prepa
ration and handling on test results, and 
the size and shape of glassware. 

Introduction 

For years it has been recognized that 
hydrogen present as an interstitial impuri
ty has an adverse effect on the mechani
cal properties of steels. Frequently, 
hydrogen uptake, resulting in a degrada
tion of properties, occurs during process
ing. For welded structures, hydrogen 
uptake occurs as a result of dissociation 

of hydrogen gas and hydrogen-contain
ing compounds during welding which 
produces atomic hydrogen in the arc 
atmosphere. Some common sources of 
hydrogen are moisture contained in SMA 
(shielded metal-arc) electrode coatings, 
lubricants on solid and cored wires, and 
moisture and other contaminants present 
in shielding gases. 

Because of the detrimental effects of 
hydrogen uptake during welding, consid
erable effort has been devoted to the 
control of the hydrogen potential of 
welding consumables and processes. This 
has been achieved, in part, through the 
careful selection of lubricants for drawing 
operations and an increased emphasis on 
cleanliness and control of contaminants. 
Perhaps the greatest effort has been 
expended for SMA electrodes where the 
control of weld metal hydrogen levels 
has been achieved through minimization 
of coating moisture levels (Refs. 1-3). 

This approach is reasonable for cov
ered electrodes, since the coating mois
ture does contribute to the hydrogen 
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content of the resulting deposit (Refs. 3, 
4). However, there are limitations. Since 
the relationship between coating mois
ture and hydrogen content can vary 
significantly with electrode type (Ref. 3), a 
given coating moisture level can result in 
a wide range of weld metal hydrogen 
contents depending upon the coating 
system. It, therefore, becomes necessary 
to evaluate the actual hydrogen content 
of the deposit. When considering a pro
cess such as FCAW (flux cored arc weld
ing) or GMAW (gas metal arc welding), 
indirect tests have limited meaning (Ref. 
5), and the hydrogen content of the 
deposit must be measured directly. 

Diffusible Hydrogen Measurement Tests 

Several tests have been developed for 
the direct measurement of weld metal 
diffusible hydrogen content. The diffus
ible hydrogen content is that portion of 
the total hydrogen content which is 
evolved rapidly from a sample at or near 
room temperature. Two widely accepted 
methods for measurement are very simi
lar in that they involve the use of a 
collecting fluid (Refs. 6, 7). Welded spec
imens are allowed to degas in some form 
of eudiometer tube filled with fluid. 
Evolved gases are collected in the upper 
portion of the tube over the fluid and the 
volume is measured. Results are reported 
as the volume of gas collected per unit 
mass of weld deposit. 
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Individual test procedures differ in the 
size and preparation of welded samples 
and in the collecting fluid used; however, 
the principle of operation is the same. In 
one case, mercury is used as the collect
ing fluid (Ref. 6), and the specimen is 
allowed to degas at room temperature. In 
the other case, glycerin is used as the 
collecting fluid (Refs. 7, 8). This test 
involves placing a welded specimen in a 
glycerin filled eudiometer tube immersed 
in a glycerin bath maintained at 45 ± 3°C 
(113 ± 5.4°F). As the specimen degases, 
bubbles pass up through the glycerin and 
collect in the upper, calibrated portion of 
the eudiometer. The volume of gas col
lected is measured and normalized by the 
mass of the weld deposit. 

Glycerin Test Problems 

Due to the health hazards associated 
with the use of mercury, the glycerin test 
has been widely used in the United 
States. As a result, the glycerin test has 
become an accepted standard by which 
welding consumables are evaluated (Ref. 
8). However, rather serious problems 
with the glycerin test have been reported 
(Refs. 9-16). It has been demonstrated 
that diffusible hydrogen levels deter
mined by the glycerin method are consis
tently lower (^50%) than comparable 
mercury test values (Refs. 9, 10, 13, 16). 
The obvious implication is that the glycer
in test does not recover all of the evolved 
hydrogen. In addition, glycerin test results 
have been shown to exhibit far more 
scatter than comparable mercury test 
results (Ref. 9). 

Recent investigations have also point
ed out other problems associated with 
the glycerin test. Analysis of the gas 
collected over glycerin conducted during 
this investigation indicates that gases oth
er than hydrogen are present in the gas 
sample in significant proportions, making 
the validity of the glycerin test question
able. Other researchers have reported 

similar results (Refs. 14, 15). 
Procedural variations are likely respon

sible for some of the observed problems 
with the glycerin test. Two procedural 
variables of concern are the heating of 
base material prior to welding and the 
time elapsed between completion of 
welding and quenching. Prior heating of 
the base material is thought to liberate 
any hydrogen present in solution which 
might contribute to the weld metal diffus
ible hydrogen content (Ref. 9). The 
expected result is a reduction in the 
amount of hydrogen evolved by the 
specimen. 

The time elapsed between completion 
of welding and quenching is believed to 
be important from the standpoint of 
diffusion (Refs. 9, 17). Since diffusion 
rates are higher at elevated tempera
tures, appreciable amounts of hydrogen 
can be lost to the atmosphere if sufficient 
time is available prior to quenching. 
Therefore, one would expect a greater 
amount of hydrogen evolved from the 
welded specimen while immersed in the 
glycerin if the time elapsed to quenching 
is kept to a minimum. 

Other variables of concern are related 
to the condition of the glycerin bath itself. 
Glycerin, upon exposure to the atmo
sphere, readily absorbs a variety of gases 
including water vapor, oxygen, and nitro
gen. Even though a glycerin test assembly 
is initially assembled with relatively pure 
glycerin, it does not necessarily remain in 
that condition indefinitely. Further, it is 
possible that contaminants absorbed by 
the glycerin bath are responsible for con
tamination of the hydrogen collected 
over glycerin during testing (Refs. 14, 15). 
To further complicate the situation, the 
solubility of hydrogen in glycerin (Refs. 
18, 19) can result in the loss of hydrogen 
evolved from the test specimen to the 
bath through dissolution. The extent to 
which dissolution occurs is affected by 
the water content of the glycerin (Refs. 

18, 19), which can be appreciable after 
extended periods of time. 

Investigation Objectives 

As a result of the problems described 
above, the results obtained using the 
glycerin test are not reproducible 
between laboratories (Ref. 20) and are of 
questionable validity. The fact that such 
results are used as acceptance criteria for 
welding consumables is of tremendous 
concern. Because of this, a thorough 
evaluation of the glycerin test is in order. 
It is the intent of the investigation 
described in this paper to characterize 
some of the problems which are inherent 
in the glycerin test and to identify their 
probable causes. 

Experimental 

Specimens fabricated under identical 
conditions should, within reason, result in 
the same amount of diffusible hydrogen 
per unit mass of weld deposit. With the 
hydrogen content maintained relatively 
constant for a series of tests, other 
conditions can be selectively varied in 
order to determine what impact they 
have on the volume and composition of 
the collected gas. To demonstrate this, 
several tests were conducted. Initially, 
using the flux cored arc welding (FCAW) 
process, the effect of glassware size and 
shape was demonstrated. Subsequent 
testing using the spray gas metal arc 
welding (GMAW) process demonstrated 
the effects of base material pretreatment, 
elapsed time to quench, and water con
tent of the glycerin bath. In addition, a 
series of tests was conducted simulta
neously with the GMAW tests to illustrate 
other factors which affect the composi
tion of gas samples. 

The chemical compositions of base 
materials and filler materials used during 
this investigation are presented in Table 
1, The glycerin used was 99% pure, 

Table 1—Summary of Chemical Analyses of Base Materials and Filler Metals, Wt-% 

C S P Si Mn Cr Ni Cu M o 

Base material for FCAW .22 .013 .012 .12 .79 .04 .04 .03 .02 
and first of GMAW 
tests 

Base material GMAW .21 .017 .004 .11 .80 .04 .06 .09 .01 
tests at 11.2% water 
content 

Base material GMAW .21 .015 .003 .11 .76 .04 .05 .04 .01 
tests at 18.3% water 
content 

Base material GMAW .21 .015 .003 .11 .79 .04 .06 .04 <.01 
tests at 23.5% water 
content 

FCAW deposit from .07 .011 .007 .25 .74 .03 2.57 .02 .01 
buildup pad 

GMAW deposit from .06 .003 .006 .43 1.10 .07 2.03 
buildup pad 

.43 

v 
002 

01 

006 

006 

016 

004 

Zr 

-C001 

<.001 

<.001 

<.001 

— 

<.001 

Specification 

QQ-S-741 SIM. to 
ASTM A36 

QQ-S-741 SIM. to 
ASTM A36 

QQ-S-741 SIM. to 
ASTM A36 

QQ-S-741 SIM. to 
ASTM A36 

SIM. to MIL-E 
24403/1B, type 
MIL-81T1-Ni2 

MIL-E-23765/2, type 
MIL-100S-1 
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commercial grade purchased from Brand-
Nu Laboratories, Meriden, Connecticut, 
and was contained in a large fiberglass 
tub, 508 X 508 X 254 mm (20 X 20 X 10 
in.). The bath temperature of 45°C 
(113°F) was maintained, utilizing a quartz 
immersion heater, mixer, and thermostat. 
In addition, a thermometer was mounted 
in the bath adjacent to the eudiometer 
tubes to verify proper operation of the 
thermostat. The procedure for conduct
ing all glycerin tests was extracted with 
some modification from MIL-S-24403A 
(Ref. 8) and is outlined in Appendix A. 

FCAW Tests 

Each glycerin test consisted of 4 indi
vidual specimens, each placed in separate 
eudiometer tubes. The first set of tests 
utilized handmade glassware, fabricated 
by fusing ^5 .5 mm (0.22 in.) ID, 127.0 
mm (5.0 in.) long burrettes to the tops of 
59.2 mm (2.3 in.) ID, 254.0 mm (10.0 in.) 
high bell jars. The second set of tests 
utilized factory made glassware having a 
46.5 mm (1.8 in.) ID, 210 mm (8.3 in.) high 
bell portion and a 10.8 mm (0.43 in.) ID, 
127.0 mm (5.0 in.) high calibrated portion. 
(See illustrations in Appendix B.) 

Using the factory made glassware, 40 
additional specimens were tested in sets 
of 4 over a period of 10 weeks in order 
to determine the reproducibility of the 
test. All specimens for this portion of the 
investigation were fabricated using the 
same welding conditions, i.e., 24.5-25.0 
arc volts (V), 150-160 amperes (A), 1.9 
mm/s (4.4 ipm) travel speed, 75% Ar and 
25% C 0 2 by volume shielding gas at 18.9 
L/min (40.0 cfh) gas flow rate. 

GMAW Tests 

Due to the high degree of scatter 
experienced with the FCAW tests, it was 
decided that 4 specimens tested at once 
did not represent an adequate statistical 
sample. Therefore, 12 individual speci
mens were welded for each subsequent 
test. 

Since GMAW is an inherently low 
hydrogen process, the hydrogen poten
tial of the process was elevated and 
maintained by introducing hydrogen in 
the shielding gas. The resulting gas com
position was 1% H2, 4.6% C 0 2 , 94.4% Ar 
by volume. This approach was taken in 
order to maintain the hydrogen potential 
at a relatively constant level for all tests. 
Starting with new, uncontaminated glyc
erin, three sets of specimens were tested 
over a three-week period in order to 
provide a broad data base for compari
son with the FCAW tests and other 
GMAW tests. 

A fourth set of specimens was fabri
cated using pretreated base material. The 
pretreatment involved heating at 700°C 
(1292°F) for 1 hour (h). The fifth set of 
specimens tested represented a shorter 

Table 2—Summary of FCAW Glycerin Test Results 

Test no. 

FCAW 1 
FCAW 2 
FCAW 3 
FCAW 4 
FCAW 5 
FCAW 6<b> 
FCAW 7 
FCAW 8 
FCAW 9<b> 
FCAW 10<b) 

FCAW 11<b> 
FCAW 12 

Gas Collected Per 100 g 
Deposit (average of four), mt 

4.7(a) 
6.6 

10.3 
4.4 
4.0 
3.8 
4.7 
5.5 
5.0 
5.3 
4.6 
3.1 

Range, mL 

3.6-6.5 
5.6-7.3 
5.8-13.8 
3.2-5.0 
3.4-4.6 
3.4-4.0 
4.3-5.6 
4.5-6.2 
4.3-5.7 
3.8-6.8 
3.5-6.8 
1.9-3.8 

ta>The handmade glassware was used for this test. Machine made glassware was used for all other tests. 
Cb)Gas collected after completion of these tests was analyzed and found to contain the following: FCAW 6 — 65.5% H2, 4.5% O2, 
30.0% N 2 by volume; FCAW 9 - 5 5 . 6 % H2 , 6.4% 0 2 , 37.2% N 2 by volume; FCAW 1 0 - 6 1 . 8 % H2 , 7.7% 0 2 . 26.9% N 2 , 3.6% C 0 2 by 
volume; FCAW 11 (2 gas samples)-66.8% H 2 . 7.4% 0 2 . 25.8% N 2 and 57.6% H2 , 8.8% 0 2 , 33.6% N s by volume 

elapsed time between completion of 
welding and water quench. Specimens in 
this set were quenched within 5 sec
onds^) of extinguishing the welding arc. 
In all other cases, 25-30 s were allowed 
to elapse between completion of weld
ing and water quench. All specimens for 
the GMAW tests were welded using the 
same conditions (26-26.5 arc volts, 320-
340 A, 5.1 mm/s (12 ipm) travel speed, 
21.2 L/min (45 cfh) gas flow rate). 

In order to determine the effects of 
glycerin water content, an additional set 
of 12 specimens was tested at each of 5 
levels: 4.2%, 8.9%, 11.2%, 18.3%, and 
23.5% water by volume. All specimens 
were welded under the conditions previ
ously stated. Water content of the bath 
was determined by gas chromatography, 
using a Hewlett Packard 5750 Gas Chro
matograph equipped with a thermal con
ductivity detector. It contained dual 6 ft 
(1.83 m) stainless steel columns packed 
with 80/100 mesh Poropak Q (Supelco; 
Bellefonte, Pa.); the OD of each column 
measured Vs in. (3.2 mm) while the ID 
was 2 mm (0.08 in.). 

Gas Analyses 

At the completion of each GMAW 
test, gas samples were recovered from 
the eudiometer tubes for analyses. In 
order to obtain enough gas to perform 
an analysis, the gas collected over several 
individual specimens was combined as a 
single sample. 

In all, 2 or 3 samples were retrieved for 
each set of 12 specimens. Gas was trans
ferred from the eudiometer tubes to vials 
capped with septums that had been 
immersed in the glycerin bath. These 
samples were then analyzed using gas 
chromatography. 

The unit used for all gas analyses was 
Carle Instruments Co. GC-8700, Basic Gas 
Chromatograph equipped with a thermal 
conductivity detector. It contained dual 6 
ft (1.83 m) stainless steel columns (Vs in. 

or 3.2 mm OD, 2 mm or 0.08 in. ID) 
packed with molecular sieve 5A. These 
columns were supplied with the instru
ment when purchased. Argon carrier gas 
was used for all analyses. 

"Hydrogen Injections" 

In order to demonstrate, qualitatively, 
the effect of time on the composition of 
the gas collected over glycerin, tests 
were performed whereby pure hydro
gen was bubbled through the glycerin 
contained within an eudiometer tube. 
This was accomplished by the injection of 
hydrogen from a gas tight syringe. Gas 
collected at the top of each of two 
eudiometer tubes was recorded and ana
lyzed as previously discussed. 

In one case, the gas was transferred to 
a vial and analyzed immediately after 
collection in the top of the tube In the 
second case, gas was allowed to remain 
in contact with the glycerin in the eudi
ometer tube for the entire 48 h test 
period before recovery and analysis. 

All "hydrogen injection" testing was 
performed in conjunction with three of 
the GMAW test series by placing two 
additional eudiometer tubes in the glycer
in bath for injections. 

Results and Discussion 

The FCAW tests were performed to 
illustrate qualitatively some of the inher
ent difficulties with the glycerin test and 
to establish a data base large enough to 
evaluate the dispersion of test results. 
Glassware size and shape were the first 
items of concern. 

Table 2 lists all results of this phase of 
the investigation. FCAW 1 represents 
handmade glassware having a small neck 
and a wide bell. FCAW 2 represents 
machine made glassware having a slightly 
wider neck and narrower bell. The vol
ume of gas collected using handmade 
glassware is ~ 30% lower than that 

WELDING RESEARCH SUPPLEMENT 1143-s 



obtained using the machine made glass
ware. 

At the end of the 48 hour period, the 
volume of gas collected was read and 
recorded. However, this did not include 
the volume in the gas bubbles which 
adhered to the steel specimen or 
attached to the glass surface or were 
entrained in the glycerin. This can 
account for a significant volume of gas, 
the magnitude of which depends on the 
size and shape of the glassware 
employed. Passage of bubbles up 
through the glycerin is slow (Ref. 13) 
because of the relatively high viscosity of 
glycerin. Consequently, currents set up 
by the flow of bubbles can easily deflect 
the rising bubbles and direct them away 
from the upper portion of the tube. 

In the case of FCAW 1, the neck region 
was relatively small, making passage of 
bubbles difficult. It was observed during 
testing that this was an area of severe 
congestion. Bubbles accumulated there 
and would break free to rise only after 
extended periods of time (several hours). 
This "bottle-necking" interrupted the 
movement of following bubbles which 
would then impinge and adhere either to 
the bottom of the pileup or to the 
adjacent glass surface. 

Bubbles adhering to the glass surface 
were predominantly located in the shoul
der area of the bell jar where they 
appeared to remain for the duration of 
the test. Also, in the case of FCAW 1, the 
shoulder area was slightly larger than in 
the case of FCAW 2, allowing the collec
tion of more bubbles in this region and 
making it more difficult for those bubbles 
to move any further. The wider necked 
glassware employed for FCAW 2 com
pletely eliminated the congestion previ
ously observed, and the narrower and 
more tapered shoulder visibly reduced 
the accumulation in this area. This 
resulted in more of the evolved gas 
reaching the calibrated portions of the 
tubes for FCAW 2. 

It should be noted that more scatter 
was experienced with FCAW 1 results 
than with FCAW 2 results. This is believed 

to be caused by the inconsistent glass
ware shape for FCAW 1. Pronounced 
irregularity existed in the shoulder areas 
with no two pieces of glassware being 
exactly the same. Those having more 
tapered shoulders would trap less gas in 
this area while flatter shoulders would 
trap more. This may account for the 
higher degree of scatter within the 
FCAW 1 results. Note that comparison is 
made only between FCAW 1 and FCAW 
2 results because these tests were per
formed consecutively. Since several 
weeks elapsed between FCAW 1 and 
FCAW 3, comparison between the first 
two tests and any others would be ques
tionable because of possible changes in 
glycerin purity. 

Tests FCAW 3 through FCAW 12, 
welded using the same conditions as the 
previous two tests resulted in significant 
variation in test results. The averages 
ranged from 3.1 to 10.3 mL/100g for the 
same package of welding electrode. For 
the 40 specimens, this produced an aver
age value of 5.3 mL/100g with a standard 
deviation of 2.2 ml_/100g (±42%). 

Although some variation can be ex
pected for a flux cored electrode, it is 
unlikely that variation of the magnitude 
experienced would result from inconsis
tencies within a single package. Analyses 
of the collected gas for FCAW 6, 9, 10, 
and 11 indicated that the gas collected 
over glycerin was not entirely hydrogen 
and that extraneous gases were present 
in significant quantities. Oxygen and 
nitrogen were found in all cases in vary
ing concentrations. A small amount of 
C 0 2 was detected for FCAW 10. Consid
ering that the glycerin test apparatus is 
exposed to the atmosphere for extended 
periods of time and that oxygen and 
nitrogen are soluble in glycerin (Refs. 18, 
19), the most likely source of these com
ponents in the gas samples was the 
glycerin itself. 

In general, the FCAW tests raised many 
questions. The importance of using stan
dardized and properly sized glassware 
was established. However, the wide scat
ter of test results and the presence of 

gases other than hydrogen established a 
need to further investigate the suitability 
of the glycerin test, itself. 

Since the hydrogen potential of the 
flux cored wire used could have changed 
significantly during storage between 
tests, the wide scatter in test results was 
likely due to a combination of changing 
hydrogen content and changing test con
ditions. In order to accurately monitor the 
effects of changing test conditions, the 
hydrogen potential of the welding pro
cess would have to be more carefully 
controlled. To accomplish this, the 
GMAW process was selected for subse
quent testing. Hydrogen potential could 
be held relatively constant by controlled 
addition of hydrogen to the shielding gas 
during welding. Any changes in measure
ments could then be attributed primarily 
to the specific variables being evalu
ated. 

Table 3 summarizes the data obtained 
from the first GMAW tests. GMAW 4 
and 5 illustrate the effect of base material 
pretreatment and elapsed time to quench 
on test results. For no pretreatment and a 
25-30 s time to quench, the average 
value is 6.8 mL/100g with a standard 
deviation of 1.8 mL/100g. The result of 
base material pretreatment is to shift the 
entire range of values to a lower level. 
Pretreated specimens produced an aver
age of 5.1 mL/100g with a standard 
deviation of 1.7 mL/100g. It is clear from 
these results that the base material can 
contribute to the amount of collected gas 
and that this contribution can be reduced 
by heating of base material prior to 
welding. 

As shown in Table 3, no significant 
change in the volume of gas collected 
results from the reduction in elapsed time 
to quench. During the first three tests, 
25-30 s were allowed to pass be
fore welded specimens were water-
quenched. Initially, it was thought that 
allowing this period of time to pass would 
have resulted in some loss of hydrogen 
from the specimen due to diffusion at an 
elevated temperature. If less time were 
allowed to elapse, less hydrogen would 

Table 3—Summary of GMAW Test Results-

Test no. 

GMAW 1 
(avg. of 4) 

GMAW 2 

GMAW 3 

GMAW 4 

GMAW 5 

Gas Collected per 
deposit (average 

100 g 
of 12 

unless otherwise noted 
±std. dev.), m.L/100 g 

7.4 ± 1.3 

7.7 ± 1.8 

5.7 ± 1.4 

5.1 ± 1.7 

5.6 ± 0.4 

-Base Data, Effect of Pretreatment, Effect of Time to Quench 

Range, 
m t / 1 0 0 g 

5.4 

4.4 

3.3 

1.6 

5.0 

- 8 .8 

- 9 .7 

- 7 .8 

- 7 .8 

- 7 . 6 

mt /100 

7.4 
7.4 
7.7 
7.7 
5.8 
5.8 
4.6 
5.5 
6.1 
5.6 

Gas 

g 

analysi' vol-% 

Composition 

H2 

64.4 
63.8 
68.3 
69.0 
64.1 
66.3 
49.2 
51.7 
58.1 
55.7 

o2 

7.2 
7.6 
5.3 
6.2 
5.5 
4.8 
8.5 
7.6 
5.4 
5.7 

N2 

28.4 
28.6 
26.4 
24.8 
30.4 
28.9 
42.3 
40.8 
36.5 
38.6 

Time to 
Quench, 
seconds 

25-30 

25-30 

25-30 

25-30 

< 5 

Base material 
Pretreatment 

None 

None 

None 

700°C 
For 1 hour 
None 

Age of 
bath, 

weeks 

1 

2 

4 

5 

6 
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Fig. 2 - Oxygen/nitrogen ratio vs. age of bath 

be lost and a higher test result would be 
expected. 

Results from GMAW 5 indicate that, if 
this effect occurs at all, it is not significant 
for time elapsed less than 30 s. The 
average for < 5 s time-to-quench is 5.6 
mL/100g with a standard deviation of 0.4 
mL/100g. Although this is 1.2 mL/100g 
lower than for the 25-30 s case, the 
difference in average values must be 
considered insignificant because the 
range of values for the < 5 s test falls 
entirely within the range for the 25-30 s 
tests. It should be noted that the disper
sion of values is far less for the < 5 s tests 
than for the 25-30 s tests. It is not 
reasonable to expect that this should 
have occurred simply as a result of time 
to quench. Variation in scatter is believed 
to be caused by other variables in the 
system. 

Results of gas analyses for GMAW 1 
through GMAW 5 are presented in Table 
3 and Figs. 1 and 2. The hydrogen con
tent of the collected gas samples varies 
between 50% and 70% by volume, the 
balance of each being composed of oxy
gen and nitrogen in varying proportions. 
The trend established in Fig. 1 indicates 
that the hydrogen content of the gas 
collected is highest when the bath is 
relatively new and decreases as the bath 
ages. As with the hydrogen content, Fig. 
2 demonstrates that the relative propor
tion of oxygen to nitrogen given by the 
%02/%N 2 ratio steadily decreases as the 
bath ages. 

A plausible explanation for the pres
ence of oxygen and nitrogen in the gas 
collected over glycerin is based on the 
well established solubility of these gases 
in glycerin (Refs. 18, 19). If glycerin is 
exposed to atmosphere, as in the case of 
this test, dissolution of gases will continue 
until some steady state is reached. The 
composition of any volume of gas held 
over the glycerin should reflect the pres
ence of these dissolved gases and would 
be expected to change in response to 

changes in glycerin composition caused 
by dissolution at the glycerin/atmosphere 
interface. 

Based upon the fact that the gas 
evolved from the welded specimens is 
hydrogen (Refs. 21, 22), the bubbles 
formed at the specimen surface can be 
assumed to be composed solely of 
hydrogen. Since glycerin will contain oxy
gen and nitrogen due to dissolution at the 
glycerin/atmosphere interface and since 
hydrogen is also soluble in glycerin (Refs. 
18, 19), it is reasonable to expect that 
some transfer of gases across the hydro
gen bubble/glycerin interface will occur. 
The driving force for this transfer is the 
difference in chemical potentials be
tween the gas and liquid phases. 

Thermodynamics requires that, for 
equilibrium, the chemical potential of a 
component in the liquid phase must equal 
the chemical potential of that component 
in the gas phase in contact with the liquid 
(Ref. 23). Initially, it is assumed that gas 
bubbles formed contain no oxygen or 
nitrogen; therefore, their corresponding 
chemical potentials in the gas phase are 
zero. The corresponding chemical poten
tials in the liquid phase have some finite 
values based on the composition of the 
glycerin. This indicates that a transfer of 
oxygen and nitrogen from the liquid to 
the gas would be expected. Similarly, the 
chemical potential of hydrogen in the gas 
phase is initially higher than it is in the 
liquid phase (if the liquid is not saturated), 
and one would expect a transfer of 
hydrogen from the gas to the liquid. The 
net result is that the bubbles evolved 
from the welded specimens will lose 
hydrogen and become contaminated 
with oxygen and nitrogen. 

It is essential to note that the ratio of 
oxygen to nitrogen in the gas collected is 
not constant and behaves predictably. 
Initial dissolution of atmospheric gases in 
glycerin should reflect the relative pro
portions of oxygen and nitrogen in the 
atmosphere. As dissolution continues 

with time, this ratio of oxygen to nitrogen 
may change owing to preferential disso
lution of one component relative to 
another. These changes should be 
reflected in the composition of the gas 
collected over the glycerin inside the 
tube. This effect is demonstrated in Fig. 2. 
The ratio of oxygen to nitrogen steadily 
decreases with time. When the line is 
extrapolated back to zero time, the ratio 
is 0.27, precisely the ratio for air. 

The extent to which the transfer of 
gases occurs will depend upon the time 
available for the process and the surface 
to volume ratio of the gas phase. The 
effect of time is obvious: gas transfer 
across the interface will continue with 
time until equilibrium is achieved. The 
effect of surface to volume ratio is more 
subtle. Consider for example, that 4 mL 
of hydrogen are evolved from a speci
men. If the bubbles produced are ~ 1 
mm (0.04 in.) in diameter, the surface to 
volume ratio is ~60 c m - ' . If the bubbles 
produced are ~ .5 mm (0.02 in.) in diam
eter, the surface to volume ratio is ^120 
cm - 1 . In the latter case, there is more 
surface available for the transfer of gas. 
Consequently, more gas transfer will 
occur if bubbles are very small and the 
time spent in contact with the liquid is 
long. 

In the glycerin test, conditions exist 
which impede the movement of bubbles 
and increase the time that they spend 
moving through the glycerin. The rela
tively high viscosity of glycerin results in 
slow movement of bubbles. Some bub
bles collide with and adhere to the glass
ware, while others become caught in 
convection currents. All of these factors 
tend to increase the time gas spends in 
contact with the liquid as finely dispersed 
bubbles. This is important, because the 
gas phase dispersed as small bubbles has 
a much higher surface to volume ratio 
than it does after it collects in the cali
brated portion of the tube. 

The results presented in Table 4 and 
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Table 4—Summary of Data—"Hydrogen Injection" Series 

Gas composition, vol-% 

Test no. Type of sample 

GMAW 3 Collected over welded specimen'3' 
Injected and removed after 48 h 
Injected and removed immediately 

H2 

64.1/66.3 
97.7 

100.0 

o2 

5.5/4.8 
Trace 

0 

N2 

30.4/28.9 
2.3 
0 

GMAW 4 Collected over welded specimen'3' 
Injected and removed after 48 h 
Injected and removed immediately 

49.2/51.7 
94.0 

100.0 

8.5/7.6 
Trace 

0 

42.3/40.7 
6.0 
0 

GMAW 5 Collected over welded specimen'3' 58.1/55.7 5.4/5.7 36.5/38.6 
Injected and removed after 48 h 98.8 Trace 1.2 
Injected and removed immediately 100.0 0 0 

a , Two gas samples were analyzed. 

Fig. 3 further illustrate the influence of the 
above mentioned factors on the kinetics 
of gas transfer. A comparison of gas 
composition between samples collected 
over welded specimens and injected 
samples removed after 48 h illustrates the 
effect of surface to volume ratio. Welded 
specimens produce finely dispersed gas 
bubbles (large surface to volume ratio), 
whereas injection from a syringe pro
duces a few extremely large bubbles 
which collect almost immediately in the 
top of the eudiometer tube (small surface 
to volume ratio). For each test, high 
surface to volume samples contain less 
hydrogen and more oxygen and nitrogen 
than the low surface to volume sam
ples. 

The influence of time is illustrated by a 
comparison of injected samples removed 
immediately and injected samples re
moved after 48 h. In each case, the 
samples remaining for 48 h contained less 
hydrogen and more nitrogen than the 
samples removed immediately. The data 
qualitatively support the preceding expla
nation for gas transfer across the gas/ 
liquid interface. These results also indicate 
that most of the gas transfer occurs at the 

bubble surfaces rather than at the menis
cus formed inside the calibrated portion 
of the eudiometers. Comparison of the 
two injected samples for each test con
firmed that no significant transfer had 
occurred while the injected gas rose to 
the top of the tubes. Comparison of the 
welded samples with the injected sam
ples for the same test time show that 
very little transfer occurred at the menis
cus for the injected samples after 48 h. 

Another factor, which influences glyc
erin test results, is the water content of 
the glycerin bath. It is established that 
glycerin readily absorbs water vapor 
from the atmosphere (Ref. 18). Since 
glycerin and water are infinitely soluble in 
one another (Ref. 24), the amount of 
water that the glycerin will absorb 
depends primarily on the relative humidi
ty of the air over the glycerin (Ref. 18). At 
the end of the FCAW tests, analysis for 
water content of the glycerin showed an 
increase from a negligible level to 10% by 
volume. During the winter months, the 
relative humidity in the laboratory was 
typically in the vicinity of 30%, which 
should result in a water content of -v 10% 
by volume (Ref. 18). Since the relative 

HELD INJECTED INJECTED 
48 HR. 48 HR. 0 HR. 

Fig. 3 — Illustration of kinetic effects 

HELD INJECTED INJECTED 
48 HR. 48 HR. 0 HR. 

HELD 
48 HR. 

INJECTED INJECTED 
48 HR. 0 HR. 

humidity during the summer months 
ranges from 50 to 60%, a water content 
of ^25% by volume is expected (Ref. 
18). 

Because of the variation in glycerin 
water content with humidity and its pos
sible effect on results, tests were con
ducted at 5 water contents between 0 
and 25% by volume. Results are reported 
in Table 5 and illustrated in Figures 4 and 
5. As the water content was increased to 
11.2% by volume, the volume of gas 
collected increased to a maximum at 
10.4mL/100g, accompanied by a corre
sponding increase in the hydrogen con
tent of the gas samples as shown in Fig. 5. 
As water content was increased further, 
there was a decrease both in the volume 
of gas collected and in the amount of 
hydrogen present. 

Two consequences of the dissolution 
of water in glycerin are a dramatic reduc
tion in viscosity and an increase in solubil
ity limits for oxygen, nitrogen and hydro
gen (Refs. 18, 19). The reduction in vis
cosity results in a more rapid movement 
of bubbles through the glycerin, since 
Stokes law states that velocity is inversely 
proportional to viscosity. Therefore, the 
time required for bubbles to reach the 
top of the eudiometer is directly propor
tional to viscosity and should be reduced 
as viscosity is reduced. 

Between 4.2% water and 11.2% water, 
the viscosity drops from ~ 110 centipoise 
to ~ 45 centipoise (Ref. 18), reducing the 
time for bubbles to reach the top by 
60%. It would be expected, based on the 
preceding discussion, that less gas trans
fer occurs. Therefore, less hydrogen is 
lost through dissolution resulting in 
potentially higher gas volume collected 
and higher hydrogen content of the col
lected gas samples. 

Between 11.2% water and 18.3% 
water, the change in viscosity is only ~ 23 
centipoise (Ref. 18), reducing the time 
only by an additional 20%. Although fur
ther increases in volume and hydrogen 
content would be expected, the changes 
would not be as pronounced as they are 
in the 4.2-11.2% range and might even 
be masked by other factors such as gas 
solubility. 

When the water content of the glycer
in increases, any steady state or equilibri
um which may have developed previous
ly is disrupted and the dissolution process 
previously outlined proceeds, producing 
the expected reductions in gas volume 
collected and hydrogen content. It is 
believed that when the effect of reduced 
viscosity begins to level off in the region 
of 11.2% water, the effects of solubility 
become dominant producing the drop in 
volume and hydrogen content evident in 
Fig. 6. 

It is interesting to note that the gas 
volume and its composition tend to 
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Table 5—Summary of Data—Effect of Water Content 

Test no. 

GMAW 6 

GMAW 7 

GMAW 8 

GMAW 9 

GMAW 10 

Gas Collected per 100 g 
Deposit (average of 12 
± std. dev.), mL/100 g 

Gas analysis, vol-% 

5.8 .6 

8.3 ± .6 

10.4 ± 1.0 

7.3 ± 1.4 

6.6 ± 1.3 

Range, 
mL/100 g 

4.7 
-6.7 

6.8 
-9.0 

8.6 
-11.9 

3.2 

4.7 

mL/100 g 

5.5 
6.2 
7.9 
8.3 

10.7 
10.4 
10.2 
7.6 
8.1 
8.1 
5.7 
6.7 
7.4 

H2 

56.3 
62.2 
59.2 
62.8 
72.9 
75.4 
73.4 
58.1 
60.1 
62.1 
59.5 
55.1 
57.4 

Composition 

o2 

10.0 
8.3 
8.8 
7.6 
6.3 
5.2 
5.7 
7.6 
7.0 
6.2 
7.4 
6.8 
6.4 

N2 

33.7 
29.5 
32.0 
29.6 
20.8 
19.4 
20.9 
34.3 
32.9 
31.7 
33.1 
38.1 
36.2 

H 2 0 in Glycerin 
vol-% 

4.2 

8.9 

11.2 

18.3 

23.5 

increase or decrease simultaneously. Fig
ure 6 illustrates this in terdependence for 
G M A W 6 th rough 10. As the hyd rogen 
content of the gas samples increases, the 
vo lume also increases. As gas transfer is 
suppressed, less of the hydrogen evo lved 
by the w e l d e d specimen is lost th rough 
dissolution, p roduc ing gas samples o f 
greater vo lume and higher hydrogen 
content . Since the data presented in Fig. 
6 represent w e l d e d specimens wh ich 
should have had the same actual hyd ro 
gen content , it fo l lows that Fig. 6 repre
sents the locus o f points represent ing a 
single diffusible hydrogen content . 

Depend ing u p o n the specific cond i 
t ions of the glycerin test assembly (glycer
in wa te r con ten t , glycerin gas content , 
etc.), the test can p roduce results ranging 
f r o m 4.7 t o 11 .9mL/100g fo r on ly o n e 
unique diffusible hydrogen content . 
Because of this w i d e range p roduced by 
normal ly uncont ro l led variables, it is d i f f i 
cult if not impossible to detect changes in 
actual diffusible hydrogen content using 
the glycerin test. M o r e impor tant is the 

fact that it is not possible to determine 
wha t the actual w e l d metal diffusible 
hydrogen content is w i t hou t using some 
other m e t h o d as a standard (Refs. 6, 
21). 

It is impor tant t o no te that o ther co l 
lecting fluids have similar prob lems and 
that a simple substi tut ion of an alternate 
col lect ing f luid may not correct the p r o b 
lems encoun te red w i t h glycerin. O t h e r 
researchers have analyzed the gas co l 
lected over various liquids w i t h the fo l 
low ing results: glycer in, 79 .1 -87 .8% H2; 
distilled wate r , 58 .1 -72 .4% H 2 ; ethyl alco
ho l , 23 .1-38 .6% H2 ; paraf f in, 9 .5-18.5% 
H 2 ; ethylene g lycol , 18 .1-32.3% H 2 ; car
b o n tetrachlor ide, 9 .5 -19 .6% H 2 (Refs. 
14,15) . All concentrat ions w e r e repo r ted 
in vo lume-percent . Very l imited w o r k 
p e r f o r m e d in this laboratory w i t h silicone 
oil resulted in only 5 .0-31.5% H2 by 
vo lume in the col lected gas. 

Conc lus ion 

Some of the prob lems inherent in the 

glycerin test have been ident i f ied. F C A W 
test results established the impor tance of 
using proper ly sized and standardized 
glassware to reduce scatter. The effects 
of base material pret reatment and t ime 
to quench w e r e investigated. On ly base 
material pre t reatment was f o u n d to have 
a measurable ef fect on test results. Any 
effect of t ime to quench may have gone 
undetec ted due to the overr id ing inf lu
ence of transient glycerin condi t ions such 
as gas solubility. 

A l though much of the discussion con 
cerning gas solubility is p resumed, the 
data presented d o suppor t the explana
tions p rov ided . W a t e r content and gas 
solubility in glycerin are ident i f ied as 
probable causes for many of the p rob 
lems exper ienced w i t h the glycerin test as 
a result o f their inf luence o n gas transfer 
across the gas bubb le /g lycer in inter
faces. 

It is impor tant to note that there may 
be other causes, wh i ch d id not become 
apparent dur ing this investigation. These 
problems cannot be cont ro l led w i thou t 
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Fig. 4 —Effect of bath water content on volume of gas 
collected 

% H20 IN GLYCERIN BATH 

Fig. 5 —Effect of bath water content on "oH2 in gas collected 
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Fig. 6 - Relationship between gas exchange and volume of gas collected 

isolation o f the test assembly f r o m the 
a tmosphere and comple te saturation o f 
the glycerin w i t h hydrogen. The fo rmer 
w o u l d prevent contaminat ion o f gas sam
ples w i th oxygen and n i t rogen, whi le the 
latter w o u l d prevent loss o f hydrogen 
through dissolution. Another alternative is 
the use o f a col lect ing fluid in wh ich 
atmospher ic gases and hyd rogen have 
negligible solubil ity, such as mercury (Ref. 
6), or the el imination of a col lecting f luid 
al together, as in the recent ly d e v e l o p e d 
gas chromatograph ic m e t h o d (Ref. 21). 

In summary, it is conc luded that the 
glycerin test is not a reliable m e t h o d fo r 
measuring we ld metal diffusible hydro 
gen content . Results are dependen t u p o n 
variables wh ich are not normal ly c o n 
trol led as test condi t ions, and the rela
t ionship b e t w e e n actual diffusible hyd ro 
gen content and the vo lume measured 
over glycerin is unclear. Al ternat ive test 
methods have been d e v e l o p e d wh ich 
demonst ra te far more reliability than the 
glycerin test. The standard mercury test 
has been used successfully by many 
researchers, a l though some prob lems 
relating t o the consistency o f sample 
preparat ion have been repo r ted (Ref. 
25). A relatively n e w m e t h o d based o n 
gas chromatography (Refs. 2 1 , 22) p r o m 
ises to alleviate many o f the difficulties 
encountered w i t h the use o f col lecting 
liquids. 
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APPENDIX 

A. Procedure For Conducting Glycerin Test 

1. Specimens were cut from 1.0 X 0.5 
in. (25.4 X 12.7 mm) flat bar to a length 
of 5.0 in. (127 mm). 

2. Paint and scale was removed by 
surface grinding and finishing with a 120 
grit buffing wheel. 

3. All specimens were die stamped for 
identification. 

4. Any grease and loose dirt was 
removed by scrubbing with a soft bristle 
brush and washing in alcohol. 

5. Individual specimens were weighed 
to the nearest 0.1 gram (0.004 oz.) and 
placed in a dessicator for storage until 
ready for welding. 

6. When ready for welding, the 
required number of specimens were 
removed from the dessicator (four for 
FCAW tests, twelve for GMAW tests). 

7. A single stringer bead approximate
ly 4 in. (101.6 mm) long was deposited on 
one of the 1 X 5 in. (25.4 X 127 mm) 
faces of each specimen. Specimens were 
held stationary during welding by clamp
ing in a heavy copper fixture. 

8. Within 30 s of the completion of 
welding, each specimen was cleaned and 
quenched in water at approximately 
20°C (68°F) for ^ 15 s. Cleaning of all 
FCAW specimens was performed by 
hand brushing and burring. Cleaning of all 
GMAW specimens was accomplished by 
power brushing. 

9. After quenching, each specimen 
was placed in an insulated bucket con
taining liquid nitrogen for FCAW speci
mens and an acetone/dry ice slurry for 
GMAW specimens. After completing a 
set of specimens, all specimens were 
transported to the glycerin test apparat
us. 

10. Specimens were removed one at 
a time from the bucket, rinsed in acetone 
until all evidence of frost had dissipated, 
dried and placed under individual eudi
ometer tubes in the glycerin bath main
tained at 45 ± 3°C(113 ± 5.4°F). Speci
mens were stored at reduced tempera
ture for no more than 1.5 hours. 

11. The welded specimens were kept 
immersed in glycerin for a period of 48 h, 
at which time the volume of gas collected 
in the top of the eudiometer was read 
and recorded. 

12. Specimens were removed from 
the glycerin bath, rinsed in water, dried 
and weighed to the nearest 0.1 gram 
(0.004 oz). The weight of the deposit was 
determined by the difference between 
initial and final weights. 

13. For each sample, the ml of gas 
collected per 100 g of deposited weld 
metal was calculated. 

B. Glassware 

A representative sample of handmade 
glassware is shown in Fig. 7 and factory-
made glassware in Fig. 8. The dimensions 
of each are as follows: 

Fig. 7 (right) — Sample 
of handmade glass
ware 

&2» 

mi 

J&^ 

I 

Fig. 8 (left)-Sample 
of factory-made 
glassware 

1. Handmade glassware wherein di
mensions are approximate. Calibrated 
por t ion-5 .5 mm (0.22 in.) ID, 127.0 mm 
(5 in.) height; lower bell portion —59.2 
mm (2.33 in) ID, 254 mm (10 in.) height. 

2. Factory-made glassware. Calibrated 
por t ion-10.8 mm (0.43 in.) ID, 127.9 
mm (5.04 in.) height; lower bell portion — 
46.5 mm (1.83 in.) ID, 210 mm (8.27 in.) 
height. 
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WRC Call For Papers 

The High-Strength Steel Subcommit tee of the WRC Weldability Commit tee is soliciting papers for a 
planned session at the 1985 AWS Annual Show in Las Vegas. 

The t i t le of the session is Permissible Levels of Weld Metal Hydrogen for Joining High-Strength Steels. 
Steel strength levels of 80 ksi yield and greater are of interest. 

A very important area of concern for the welding industry, this crit ical question must be answered to 
complement most of the recent papers which address only measurement techniques. 

Please submit 200-word abstracts to the Chairman of the High-Strength Steel Subcommit tee, Gerald 
Uttrachi , Manager, Market Development, Welding & Cutt ing Systems, Linde Div., Union Carbide Corp., 
Old Ridgebury Rd., Danbury, CT 06817. The commit tee will review and make recommendat ions for a 
session to present this work in Las Vegas in April, 1985. 

Papers may also be considered separately for acceptance by the AWS Papers Commit tee if abstracts 
meet the 500-word min imum requirement. 
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