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The Determination of Hydrogen Distribution in
High-Strength Steel Weldments
Part 1. Laser Ablation Methods

Various methods for analyzing total hydrogen distributions in
HSLA 100 welds were investigated

BY R. D. SMITH II, G. P. LANDIS, I. MAROEF, D. L. OLSON AND T. R. WILDEMAN

ABSTRACT. The development of ad-
vanced analytical methods for hydrogen
distribution measurement across the
weld is reported. The methods also dis-
tinguish between total and diffusible hy-
drogen. The project consisted of two
phases: first, various types of instrumen-
tation were evaluated for their use on
welded steel. In the second phase, a suit-
able method was selected and investi-
gated in more detail. The results suggest
methods using laser ablation are capable
of distinguishing qualitative differences
in hydrogen concentrations in different
areas of the weld. Deuterium addition to
the shielding gas serves as a tracer, al-
lowing a better understanding of hydro-
gen sources, i.e., surface contamination.
This research also led to the development
of a diffusible hydrogen sensor suitable
for field use, described in Part 2.

Introduction

Hydrogen damage in steels has been
described using various names in the lit-
erature including hydrogen embrittle-
ment, hydrogen-induced cracking (HIC),
hydrogen-assisted cracking (HAC) and

R. D. SMITH Il is with DCH Technology, Va-
lencia, Calif. G. P. LANDIS is with USGS Iso-
tope Geology Laboratory, Denver, Colo.
I. MAROEF, D. L. OLSON and T. R. WILDE-
MAN are with Colorado School of Mines,
Center for Welding, Joining and Coatings Re-
search, Golden, Colo.

cold cracking. It can occur during fabri-
cation, manufacturing or in service (Ref.
1). The necessary conditions for hydro-
gen cracking to occur are as follows:

1) Hydrogen is present

2) Tensile stresses act on the weld

3) A susceptible microstructure is pre-
sent

4) A critical temperature is reached
(Ref. 1).

Some hydrogen is usually present as a
result of moisture or other sources that
can be decomposed in the welding arc.
Tensile stresses are also inevitable due to
thermal contraction or inherent stresses
in the material. The heat-affected zone
(HAZ) of a weldment is normally the
most susceptible to cracking due to the
transformations in microstructure that
occur in this region. In steels of higher
alloy content, cracking can also occur in
the weld metal itself. The temperature
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plays an important role in HAC; cracking
usually occurs at ambient temperatures
and is unlikely above 150°C (Ref. 1).

Hydrogen-assisted cracking is an in-
creasing concern in welded higher
strength steel structures. Newer alloys
with higher strength levels are more sus-
ceptible to cracking at lower hydrogen
concentrations (Ref. 2). In addition, con-
trol of hydrogen in the weld deposit does
not guarantee a safe weld; transport by
diffusion may result in much higher lo-
calized concentrations. This nonuniform
distribution of hydrogen can lead to
cracking even at low nominal diffusible
hydrogen contents. As the strength of
welded steels increases, the determina-
tion of hydrogen distribution becomes a
more critical issue.

Nonuniform Distribution in Welds

The nonuniformity of hydrogen con-
tent can be attributed to differences be-
tween the weld and base metal mi-
crostructures (Ref. 3) and to strain
gradients associated with the weld inter-
face (Ref. 4). During the weld cooling
process, austenitic decomposition may
take place at different temperatures in the
weld metal relative to the heat-affected
zone (HAZ) of the base metal. The diffu-
sion of hydrogen in austenite is orders of
magnitude slower and the solubility of
hydrogen is much higher than in marten-
site/ferrite (Ref. 5). The relative amounts
of hydrogen in the weld metal and the
heat-affected zone are, therefore, a func-
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Fig. 1— Schematic of laser-induced breakdown spec-

troscopy (LIBS) system.

Fig. 2 — Laser-induced breakdown spectroscopy profile of gas metal arc welded

HSLA 100 steel (3% H,/Ar shielding gas).

tion of the compositional differences be-
tween the phases and can result in a
nonuniform distribution.

The distribution of hydrogen in the
two locations (weld metal and HAZ) can
be predicted by considering the eutec-
toidal decomposition temperatures
(My/F; — the temperature at which
martensitic/ferritic transformation starts
during cooling) of the weld deposit and
base metal (Ref. 6). The temperature at
which this transformation occurs will be
different for both locations and two gen-
eral cases are possible.

In the first case, the weld metal pos-
sesses a higher alloying content and a
lower M{/F, temperature, therefore trans-
formation occurs later. The austenite in
the weld metal remains unchanged while
the HAZ is transforming. This situation
results in retention of hydrogen in the
weld deposit and relatively fast transport
in the HAZ. The diffusible hydrogen con-
tent of the weld metal is thus left higher
than that of the heat-affected zone when
the weld austenite transforms after the
HAZ austenite. The higher hydrogen con-
centration in the weld metal promotes
transverse weld metal cracking.

In the second case, the weld metal
possesses a higher M/F, temperature and
transforms more quickly. This situation
results in hydrogen transport from the
weld metal into the HAZ, which is still
austenitic and creates a diffusion barrier.
This case can result in the localization of
diffusible hydrogen adjacent to the weld
interface and promote underbead crack-
ing (Ref. 6).

In addition to variations in the overall
composition, microstructural hetero-
geneities such as retained austenite (Ref.

7), inclusions, precipitates or
other phases may contribute to
nonuniform distributions (Ref.
8). Strain gradients resulting
from the weld thermal cycle
can also enhance localization
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Determination of hydrogen
distributions in welded steel
was first accomplished by
Christensen, et. al. (Ref. 9).
Their results revealed nonuni-
form distributions in a trans-
verse cross section of the weld
deposit and the heat-affected
zone. Evans (Ref. 10) investi-
gated diffusible hydrogen distri-
butions along the length of the
weld and indicated transient
end effects. The distributions

became more complex in mul-
tiple pass welds because of
overlapping thermal cycles.

Fig. 3 — Schematic for laser ablation/gas chromatography
(LA/GC) system.

Tarlinskii, et. al., used a laser
ablation technique coupled
with mass spectrometric analysis to per-
form total hydrogen distribution mea-
surements across the cross-sectional
weld face (Ref. 11). Their investigation
revealed a high localized concentration
of hydrogen at the weld interface. Musiy-
achenko and Kasatkin compared hydro-
gen distributions before and after heat
treatment using the same methods (Ref.
12). They found thermal history and ini-
tial hydrogen content profoundly influ-
enced the hydrogen distribution.

Yurioka and Ohshita (Ref. 13) used fi-
nite difference analysis to evaluate the in-
fluence of both stress concentration and
preheat treatment on the hydrogen distri-
bution in steel weldments. Their results
suggest a highly localized concentration
in the weld toe area and along the weld
interface. They also found the hydrogen
concentration at the weld toe increased
with time after welding and could poten-
tially reach values sufficient to cause
cracking.



Current Methods of Hydrogen Measurement

The measurement of weld hydrogen
content has become increasingly promi-
nent in the industry. Test specimens are
welded, then quenched in a cryogenic
liquid (e.g., liquid nitrogen) to prevent
loss of hydrogen. The samples are then
allowed to release the hydrogen in a con-
trolled environment. Numerous varia-
tions of the method exist. A common fea-
ture is the collection of evolved gases
from the welded sample into a closed
container.

In analyzing hydrogen in steels, the
distinction is made between total, resid-
ual and diffusible hydrogen. Diffusible
hydrogen is considered to be mobile at or
near room temperature, whereas the re-
maining residual hydrogen is trapped in
the metal. Total hydrogen is the combi-
nation of the two fractions. Residual hy-
drogen can be retained through interac-
tion with microstructural discontinuities
(Ref. 14) or by the formation of hydrides
with alloying elements. Residual hydro-
gen is measured by heating the weld to
high temperatures (3 650°C) in a furnace.
Commercial residual hydrogen analyzers
are available. For the purposes of pre-
dicting hydrogen damage, the diffusible
fraction is considered to be of primary
importance (Ref. 15).

Current methods for hydrogen analy-
sis in welded steel, therefore, focus on
measurement of the diffusible hydrogen
content. The standard AWS method is the
volumetric displacement of mercury
(Ref. 16). The sample is placed in an eu-
diometer and allowed to evolve hydro-
gen at temperatures varying from 45 to
150°C. The evolved gas displaces the
mercury in the top of the column; the vol-
ume is measured by the amount of dis-
placement. Results are reported as milli-
liters of hydrogen per 100 g of deposited
weld metal, or fused metal, if no filler
metal is used (Ref. 16).

Other liquids, including glycerin and
silicone oil, have been used for the test
but have proven unsatisfactory. Glycerin,
in particular, has been shown to cause
low results due to the increased solubil-
ity of hydrogen in this liquid. Samples of
evolved gases from tests using glycerin
have also been shown to contain con-
stituents other than hydrogen (Refs. 17,
18). The buoyancy in glycerin is also very
different from that of mercury since small
hydrogen bubbles have more difficulty
rising and agglomerating in this liquid.
The use of mercury is therefore preferred
(Ref. 19). A significant drawback is the re-
quired analysis time. The test is time in-
tensive, taking up to 72 h to complete or
up to 20 days for the IIW method (Ref.
20). The extended analysis times at room

Table 1 — Composition of Steels and Welding Parameters Used

Element HSLA 100 ASTM A36
C 0.055 0.051

S 0.012 0.015

P 0.008 0.008

Si 0.31 0.25

Cr 0.06 0.04

Ni 1.59 0.04

Mn 1.96 0.66

Cu 0.62 0.05

Mo 0.45 <0.01
Nb 0.026 <0.01

Ti 0.005 <0.01
Al 0.024 0.01

\% 0.007 <0.01

B 0.0008 <0.0005
w 0.014 <0.01

Fe Base Base

Pb 0.01 <0.01

Equipment used: Hobart Arcmaster 500/HMC 410 Controller; GMA heat input: 1.5 ki/mm, 29 V, 440 A

Travel speed: 8.5 mm/s
Single bead on plate

Welding consumable: %e in. (1.6 mm) low-carbon steel, metal-cored welding wire (baked in a vacuum furnace at 650 C for 1 h

and stored at 150°C until use)
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samples are placed in
sealed containers and
baked to release diffusible
hydrogen. The evolved
gases are transferred to a

Fig. 4 — Hydrogen calibration curve (in ppm H/Fe) for laser ab-
lation/gas chromatography (LA/GC) using electrolytically
charged standards.

gas chromatograph. The
gases are then separated with a packed
molecular sieve column and analyzed
with a thermal conductivity detector
(TCD). The analysis (including sample
preparation) takes up to 24 h. The gas
chromatography method gives compara-
ble results to measurements in mercury.
The health hazards associated with mer-
cury have contributed to the increased
use of gas chromatography for diffusible
hydrogen analysis (Ref. 19).

The purpose of this project was to
conduct preliminary investigations of
various methods as candidates for hydro-
gen analysis in welded steel, and the de-
tailed investigation of one selected
method for the possibility of field use.
The laser ablation methods investigated
were laser-induced breakdown spec-
troscopy (LIBS), laser ablation/gas chro-

matography (LA/GC) and laser abla-
tion/mass spectrometry (LA/MS). The re-
sults are detailed in the following para-
graphs. For each of these methods, ASTM
A36 and/or HSLA 100 (high-strength,
low-alloy) steels were evaluated. The
compositions of these steels and the
welding parameters used in this study are
presented in Table 1.

Laser-Induced Breakdown
Spectroscopy

Welded steel specimens were trans-
ported to Los Alamos National Labora-
tory to evaluate the technique of laser-
induced breakdown spectroscopy (LIBS)
for the determination of total hydrogen.
The specimens were analyzed and a hy-
drogen emission line at 656.2 nm was
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Fig. 5 — Schematic of laser ablation/mass spectrometry (LA/MS) system.

characteristic ~ wave-
lengths. The emitted

light is captured with a
fiber-optic cable and an-
alyzed by emission
spectroscopy. The tech-
nique of LIBS has been
used for elemental deter-
minations in alloys (Ref.
25) and iron ores (Refs.
26, 27).

LIBS Experimental

The specimens con-

Fig. 6 — Laser ablation/mass spectrometry (LA/MS) hydrogen/deu
terium distribution profiles for gas metal arc welded HSLA 100 steel

(0.5% D,/Ar shielding gas).

sisted of welded HSLA
100 (high-strength low-
alloy) steel with dimen-
sions 25x25x12.5 mm.

observed. A sharp increase in hydrogen
was detected at the interface between the
weld metal and the steel heat-affected
zone (HAZ).

The apparatus for laser-induced
breakdown spectroscopy (LIBS) has been
described in detail elsewhere (Refs. 23,
24). A schematic of LIBS is presented in
Fig. 1. The method uses a Nd/YAG laser
to ablate the sample surface. The excited
atoms in the laser plasma emit light of

The specimens were
baked in a vacuum furnace at 650°C for
one hour before welding. The specimens
were then gas metal arc welded (GMAW)
using 3% H,/argon shielding gas,
quenched in ice water, then stored at
—78°C in a Dewar flask containing a dry
ice/acetone mixture until analysis.

The specimens were subsequently in-
troduced into a vacuum chamber
equipped with a rotating stage. The
chamber was evacuated and each speci-

men was manually rotated during abla-
tion to access the different areas of the
weld. The emission line at 656.2 nm ex-
hibited a strong signal for hydrogen and
was used for the analysis. The specimens
were preablated prior to analysis to assist
in removal of surface contamination. The
ablation spots were approximately 1 mm
in diameter with 1mm spacing. Each
specimen was ablated across the weld
face and 25 spectra were obtained. A dis-
tribution profile was then assembled
using the Galactic Software GRAMS 32
package.

LIBS Results and Discussion

The LIBS profile for a gas metal arc
welded specimen is presented in Fig. 2.
The profile displays a spike in the region
adjacent to the weld deposit, suggesting
a high localized hydrogen concentration
at the weld interface.

The LIBS technique was successful in
generating qualitative hydrogen distribu-
tion profiles in welded steel. However,
guantitative reproducibility of the mea-
surements was not satisfactory to estab-
lish an analytical practice for determining
hydrogen distributions. It was, therefore,
decided to investigate alternate methods
of hydrogen detection while continuing
the use of laser sampling.

Laser Ablation/Gas
Chromatography

Combining laser ablation (LA) with
gas chromatography (GC) allowed for an-
other analytical arrangement to measure
hydrogen content and distribution. The
use of gas chromatography has already
been accepted in the standard method
for measuring diffusible hydrogen (Ref.
16). This arrangement was originally
used to analyze ore samples with an in-
ductively coupled plasma spectrometer.
The technique has been investigated pre-
viously (Refs. 28, 29) for elemental analy-
sis. A variation has been used to detect
gases from metals and ceramics (Ref. 30).

The schematic for the LA/GC appara-
tus is presented in Fig. 3. A laser sampler
is interfaced to the column of a gas chro-
matograph (GC). The sample surface is
ablated with a laser. The evolved gases
are swept into the GC using a stream of
argon, which also serves as the carrier
gas. The gases are separated in the col-
umn and analyzed with a thermal con-
ductivity detector (TCD).

LA/GC Experimental
The apparatus consisted of a Nd/YAG

laser sampler with a glass sample cell.
The sampler was interfaced to a gas



chromatograph with a 5-mL sample loop.
The GC was equipped with a 6.1-m
packed molecular sieve column and
TCD detector. The argon carrier gas flow
was set at 22 mL/min, the oven tempera-
ture at 50°C and the detector temperature
at 200°C. The sample chamber was mod-
ified with a Teflon valve to control the
flow of sweep gas and connected to a
separate argon cylinder.

The specimens were gas metal arc
welded HSLA 100 steel with levels of 0.5,
1.0 and 3.0% hydrogen in argon shield-
ing gas. The specimens were baked in a
vacuum furnace at 650°C for one hour
before welding. They were quenched in
ice water after welding and stored in dry
ice/acetone (-78°C) until analysis. Stan-
dardization was performed using elec-
trolytically charged specimens. The stan-
dards were prewelded then baked in a
vacuum furnace at 650°C for one hour.
The standards were then charged to three
different levels of hydrogen content, cal-
culated in ppm H/Fe. The hydrogen was
introduced by immersing the steel in a
1 N H,SO4 solution containing 250-mg/L
As,O5 and applying a current density of
20 mA/cm?2 for an appropriate time pe-
riod. The standards were subsequently
stored and analyzed in the same manner
as the samples.

LA/GC Results and Discussion

The results of the standardization are
presented in Fig. 4. The correlation for
the standard curve was r = 0.960. Each
specimen was first preablated to remove
surface contamination, then analyzed in
three different areas of the weld: the base
metal, the heat-affected zone (HAZ) and
the weld metal. The results of the sample
set are presented in Table 2. During the
analysis the hydrogen signal due to de-
composition of absorbed acetone in the
high-temperature laser plasma was found
to be up to twenty times higher than that
due to weld hydrogen, despite the pre-
ablation step. A blank subtraction was,
therefore, performed by analyzing an un-
welded specimen of HSLA 100 steel im-
mersed in dry ice/acetone and subtract-
ing the result from subsequent analyses.

Although LA/GC was successful in
quantitative differentiation of hydrogen
levels in different areas of the weld, res-
olution was poor due to the long ablation
times required to produce a detectable
signal. Sensitivity could be improved by
using a different detector, such as a
pulsed discharge ionization detector
(PDD) with helium, instead of argon, car-
rier gas. A smaller, customized sample
chamber for maintaining samples at
cryogenic temperature could also be in-
corporated. These improvements would

undoubtedly increase
the sensitivity of the

1
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method and possibly
justify its use for total hy-
drogen determination.
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has been used previ-
ously (Refs. 31-37) on
various materials, in-
cluding steel and tita-
nium. Welded steel
samples were ablated
under high vacuum
(1x10-8 torr) with a
laser. The resulting gases were then
transferred to a quadrupole mass spec-
trometer that was optimized for hydro-
gen determination.

For these experiments, the samples
were welded with deuterium gas in
place of hydrogen. The use of tritium as
a tracer in metals has been previously
documented in radiography studies (Ref.
38). The relative abundance of hydrogen
to deuterium is approximately 8000:1.
The deuterium, therefore, acts as an
ideal tracer and minimizes signals from
other contamination sources. Normally,
the separate detection of deuterium is
difficult, but a mass spectrometer opti-
mized for trace analysis of hydrogen can
distinguish between the two hydrogen
isotopes.

A schematic of the LA/MS system is
presented in Fig. 5. A custom-made vac-
uum chamber was constructed and
mounted to the stage of a laser micro-
scope. The chamber and microscope
were located in a refrigerated cold room
maintained at —-32°C. The sample cham-
ber could be viewed outside the cold
room by means of a digital camera and
the stage moved by remote control. The
energy from a Nd/YAG laser was directed
onto the sample surface using fiber-optic
cable. The evolved gases were trans-
ported directly into the sealed ion source
chamber of a quadrupole mass spec-
trometer through 1.6-mm stainless steel
capillary tubing.

Fig. 7 —

LA/MS Experimental

The specimens were each introduced
into the vacuum chamber, which was
equipped with a quartz window. The
chamber was pumped to a pressure of
1x10-8 torr, at which time the valve to the

Laser ablation/mass spectrometry (LA/MS)
hydrogen/deuterium distribution profiles for sample M4 — gas
metal arc-welded ASTM A36 steel (0.5% D,/Ar shielding gas).

Table 2 — Laser Ablation/Gas
Chromatography (LA/GC) Data for Gas
Metal Arc Welded HSLA 100 Steel Samples

Specimen Shielding Area Concentration

Gas (ppm)
(%H/Ar)
1 0.5 Weld 4.3
1 0.5 HAZ 3.3
1 0.5 Base 2.4
2 0.5 Weld 5.3
2 0.5 HAZ 4.8
2 0.5 Base 4.3
3 1.0 Weld 5.6
3 1.0 HAZ 5.7
3 1.0 Base 3.9
4 1.0 Weld 7.1
4 1.0 HAZ 6.8
4 1.0 Base 5.9
5 3.0 Weld 4.3
5 3.0 HAZ 7.0
5 3.0 Base 4.2
6 3.0 Weld 2.3
6 3.0 HAZ 7.3
6 3.0 Base 5.2

quadrupole chamber was opened. The
main vacuum valve was used as a split
since the high signal, due to both hydro-
gen and deuterium, would saturate the
detector. The specimens were moved by
means of the mechanical stage. Ablations
were performed at a maximum laser
power of 18 W with an ablation time of
40 s for each spot. The ablation spots
were spaced at 1-mm intervals and were
approximately 0.1 mm in diameter as
viewed with an optical microscope.
Two types of specimens were ana-
lyzed. The first set consisted of HSLA 100
steel welded with low-carbon steel wire.
The second set was ASTM A36 steel
welded with 910 MPa high-strength steel

RESEARCH/DEVELOPMENT/RESEARCH/DEVELOPMENT/RESEARCH/DEVELOPMENT/RESEARCH/DEVELOPMENT



NMECOCARVI/UEVELVFENIEN I /HEDCANRVMN/VUECEVELVFIENIEN I /HEDCARUVI/UCVELVFNIENI/HEDCARUVIT/UCVELVENIEN |

wire. This procedure should produce a
difference in the hydrogen distribution
between the specimens since the
austenitic decomposition in the weld
metal and heat-affected zone occur at
different times upon cooling.

The specimens were cut into 12.7-
mm-thick sections to fit into the sample
chamber. All specimens were gas metal
arc welded (GMAW) with 0.5% D,/argon
shielding gas and quenched in ice water.
These specimens were not baked prior to
welding, nor were they preablated prior
to analysis. The specimens were subse-
quently placed in a dry ice/acetone slush
at —78°C, broken apart with a hammer
and stored in liquid nitrogen (-196°C)
until they were analyzed.

LA/MS Results and Discussion

The results of the first analysis are pre-
sented in Fig. 6 for GMA-welded HSLA
100 steel with 0.5% D,/Ar shielding gas.
The data points were collected into a deu-
terium distribution profile of signal as a
function of distance from the weld center.
The signal in the region of the weld metal
is elevated. There is also a characteristic
spike directly at the weld interface com-
parable in intensity to that in the weld
metal itself. The signal again drops off in
the region of the base plate. The profile for
the GMA-welded ASTM A36 steel speci-
men is presented in Fig. 7. The deuterium
has clearly been retained in the weld
metal, whereas the signal drops off sharply
into the heat-affected zone. These profiles
indicate the possible effect of austenitic
decomposition, i.e., the martensite start
temperature, on the hydrogen distribution.
The HSLA steel welded with low-carbon
steel wire shows hydrogen transport oc-
curring out of the weld due to the lower
M, temperature of the surrounding base
metal. The ASTM A36 steel sample shows
the reverse effect, with the deuterium re-
tained in the weld deposit and without the
normally observed accumulation at the
weld interface.

The hydrogen signal was also col-
lected into a distribution profile for each
specimen. The observed profiles are as-
sumed to be caused by decomposition of
absorbed acetone and other contami-
nants on the specimen surface combined
with hydrogen generated in the welding
arc due to moisture.

The LA/MS technique was successful
in generating qualitative hydrogen distri-
bution profiles from welded steel. The
data are consistent with the transforma-
tion theory of nonuniform distribution in
welded high-strength steels. The profiles
imply the compositional differences of
the weld metal and base metal pro-
foundly influence the final hydrogen dis-

tribution in the sample. The use of deu-
terium as a tracer assures that the signal
is coming from the weld metal only and
not from any other source. Of the meth-
ods investigated, LA/MS is the most
promising for the determination of total
hydrogen distribution in welded steels.

Conclusions

The use of laser energy for determina-
tion of total hydrogen distribution in
welded steel was investigated using vari-
ous detection methods. Ablation of ma-
terial from the weld surface allowed de-
termination of hydrogen levels in
different areas of the weld face. The small
amounts of material removed necessi-
tated the use of a sensitive detector. The
presence of organic material on the spec-
imen surfaces posed problems due to de-
composition and hydrogen formation
from the contaminants in the high-tem-
perature laser plasma. For these reasons
mass spectrometry was most suitable as
a detection technique. The high sensitiv-
ity of the instrument and its ability to dis-
tinguish between isotopes led to the use
of deuterium gas as a hydrogen tracer,
which minimized signals from sources
other than the weld. Further research will
likely produce a useful laboratory
method for quantitative determination of
total hydrogen distributions. Based on
these findings the following conclusions
can be drawn:

1) Laser ablation/mass spectrometry
(LA/MS) was determined to be the most
suitable of the laser ablation methods in-
vestigated for analysis of total hydrogen
distributions in welded high-strength
steels.

2) The use of shielding gas containing
deuterium for welded samples analyzed
with LA/MS allowed for a better under-
standing of the role of surface contami-
nation.

3) Quialitative profiles generated using
LA/MS are consistent with the theory of
nonuniform hydrogen distributions in
welded steel as a function of differences
in microstructural transformation.
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