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Introduction

     High-power laser and hybrid laser-
arc welding (Refs. 1– 5) offer faster
welding speeds, lower heat inputs, and
deeper penetration over traditional arc
welding processes in a range of differ-
ent construction and fabrication in-
dustries (Ref. 6). However, these
processes are also susceptible to
unique defects associated with their
high aspect ratio and deep penetra-
tion. Two of the most common of
these defects include porosity from
keyhole instability in partial-penetra-
tion welds (Refs. 7–9) and complete-
joint-penetration welding root defects.
The latter defect has also been called

chain of pearls (Ref. 10), dropping
(Ref. 11), and root humping (Ref. 12).
and is characterized by the formation
of weld metal spheroids at the bottom
surface of a complete-joint-penetra-
tion weld. An example of root defects
in a DH36 steel hybrid laser-arc weld is
shown in Fig. 1A. As higher laser pow-
ers become available and deeper pene-
trations are obtained, these defects
will become more problematic, and a
deeper understanding of the mecha-
nisms driving these defects will be
necessary to take advantage of these
high laser powers.
     Root defects have been character-
ized at both high (Refs. 13–16) and
low (Refs. 11, 13, 17, 18) heat inputs.

Consequently, changes in laser power
or welding speed resulted in the ap-
pearance or disappearance of root de-
fects. For example, in 304 stainless
steel, Zhang et al. (Ref. 14) and Kaplan
and Wiklund (Ref. 16) found that root
defects occur at lower welding speeds
(i.e., higher heat input) during laser
welding of 12- and 16-mm-thick
plates, respectively. In other cases, in-
creasing the heat input leads to accept-
able welds. Havrilla et al. (Ref. 11) in-
creased the laser power by 1 kW from
7.75 to 8.75 kW at a constant welding
speed to eliminate root defects in 12-
mm-thick steel. Ilar et al. (Ref. 12) em-
ployed high-speed imaging to study
the formation of root defects in real
time during the laser welding of 8-
mm-thick 304 stainless steel plate.
The high-speed videos showed the ini-
tiation of bulges immediately behind
the keyhole, and these bulges would
occasionally build up and solidify as
root defects. Ilar et al. (Ref. 12) con-
cluded that gravity, surface tension,
and melt availability play a role in the
formation of root defects. 
     One method for avoiding root de-
fects is supporting the weld pool from
the bottom through the use of electro-
magnetic forces from an oscillating
magnetic field (Refs. 15, 19, 20). Bach-
mann et al. (Refs. 15, 20) comple-
mented physical experiments by utiliz-
ing a 3D numerical heat transfer and
fluid flow model to calculate the EM
forces necessary to balance the hydro-
static pressure, which promoted root
defects in 10- and 20-mm-thick steel
and aluminum plates, respectively.
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However, the predicted EM force val-
ues were slightly less than the experi-
mental values necessary to hold the
liquid in place since only the weight of
the liquid metal column above the bot-
tom pool surface was taken into ac-
count. While EM support can be used
to weld thick sections, utilizing the
process in a production environment
may not be practical, and the applica-
tion of EM forces can change the fluid
flow patterns during welding (Ref. 20).
Therefore, it is necessary to develop a
deeper understanding of the condi-
tions that promote root defect forma-
tion in order to intelligently select
welding parameters that suppress it.
     In this paper, the formation of root
defects is investigated for laser and hy-
brid laser-arc welding under a variety of
welding conditions. For the first time,
the 3D internal structure of the root de-
fect nuggets in a structural steel plate
weld was characterized by X-ray-com-
puted tomography (CT) and was found
to depend on the welding process em-
ployed. The melt volume and the sur-
face tension of the molten DH36 steel
were independently varied to determine

the effect of each on root defect forma-
tion. Melt volume was varied by chang-
ing the heat input of the welds, and sur-
face tension was altered by removing
the oxide scale on the bottom surface of
the plate prior to welding. Increasing
melt volume or decreasing surface ten-
sion led to root defects being formed. In
order to quantify each effect, a force bal-
ance considering the weight of the liq-
uid steel and the surface tension at the
weld root is developed for an idealized
weld pool and used to determine the
conditions for the formation of root de-
fects. Process maps for defect-free, com-
plete-joint-penetration laser welds, for
which substantial experimental results
have been reported, and selected hybrid
laser-arc welds were developed for low-
carbon steel and 304 stainless steel.

Experimental Methods

     Bead-on-plate laser and hybrid
laser-arc welds were performed on 4.8-
and 9.8-mm-thick DH36 steel plate.
An IPG Photonics® YLR-12000-L yt-
terbium fiber laser with a Precitec®
YW50 welding head was used for laser

A

B

C

Fig. 1 — A— The typical weld root defects formed during hybrid lasergas metal arc
welding with a laser power, welding speed, and welding wire feed rate of 5 kW, 30
mm/s, and 229 mm/s, respectively; B — the roots of hybrid welds made under identical
process conditions (welds 7, 8) without bottom surface oxide scale; C — with bottom
oxide scale. On the plate with scale, root defects formed due to the low surface tension.

Fig. 2 — A — A comparison of the
transverse hybrid weld (welds 7, 8)
cross sections with identical welding
conditions with the exception of bot
tom surface oxide scale, which was not
present; B — the bottom surface oxide
scale was present. The sizes of the
welds are similar, suggesting that the
weight of the liquid metal is similar and
that the reduction in surface tension is
due to the oxide scale presence, which
led to the root defects.

Table 1— Welding Conditions for LBW and HLAW Welds

Weld Number Oxide Removed Welding Process Plate Thickness (mm) Root Defects Weld Speed (mm/s) WFS (mm/s)

1 no LBW 4.8 no 30 —
2 no LBW 4.8 no 40 —
3 no LBW 9.5 yes 15 —
4 no HLAW 4.8 yes 30 127
5 no HLAW 4.8 yes 30 152
6 no HLAW 4.8 yes 30 229
7 yes HLAW 4.8 no 40 127
8 no HLAW 4.8 yes 40 127

Note: Oxide removed refers to the bottom surface oxide scale being removed.

A

B
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welding. The optics system utilizes col-
limating and focusing lenses with 200-
and 500-mm focal lengths, respective-
ly. The 1-m laser wavelength is trans-
ported to the welding head through a
200-m-diameter process fiber. The
focused spot size and full divergence
angle were measured with a Primes®
Focus Monitor and are 0.52 mm and
64 mrad, respectively. A Lincoln Elec-
tric® Power Wave 455 M/STT power
source with a Binzel® WH 455D water-
cooled welding gun was used with ER

70S-6 welding wire for the hybrid
welding experiments. 
     In both the laser and hybrid laser-
arc welding processes performed here,
laser power, defocus, laser-arc separa-
tion distance, and arc voltage were
kept constant at 5 kW, 8 mm, 3 mm,
and 31 V, respectively, while wire feed
speed, arc current and travel speed
were varied when welding on 4.8-mm-
thick plate. A positive 8-mm defocus
indicates that the position of focus is
above the plate. When welding on a
9.8-mm-thick plate, 7-kW laser power
and zero defocus were selected. Addi-
tionally, to test the effect of the oxide
presence on the bottom surface, two
types of plate were used, one with only
the top surface of the plate sand blast-
ed to remove the oxide. The other

plate had the oxide removed on both
sides. A summary of the welding pa-
rameters is given in Table 1. Oxide re-
moved refers to whether the oxide
scale was removed on both sides prior
to welding. The welding processes
were laser beam welding (LBW) and
hybrid laser-arc welding (HLAW).
Standard metallographic techniques
were used to inspect the transverse
cross-sections of the welds.
     X-ray CT images were captured with
a General Electric® v|tome|x CT sys-
tem. The accelerating voltage and cur-
rent for each scan were 280 kV and 180
A, respectively. The voxel (i.e., 3D pix-
el) size with a magnification of 20×was
50 m. DatosX® software handled the
reconstruction of the individual X-ray
images to produce the 3D image. The
defect detection module in the Volume
Graphics® VGStudio Max software was
used to highlight the internal pore
structure of the weld defects.

Results and Discussion

Root Defect Formation and 
Characterization

     Based on previous research (Refs.
12, 15, 19, 20), surface tension and
weld pool volume are thought to play a
part in the formation of root defects.
The surface tension at the bottom of
the plate will restrain the liquid metal
in the weld pool and discourage root
defect formation. On the other hand,
the weight of the molten metal in the
weld pool will act to promote the for-
mation of root defects. The competi-
tion between these two forces will de-
termine whether defects will form. 
     In order to investigate the relation-
ship between the surface tension and
weld pool volume, both were inde-
pendently varied during welding ex-
periments. The presence of oxygen in
molten iron has a significant effect on
the surface tension. At high oxygen
contents between 0.06 and 0.1 wt-%,
the surface tension of liquid iron is
lowered by 50% or more (Ref. 21) of
its oxygen-free value, 1.91 N/m (Ref.
22). Oxygen content can be controlled
indirectly by the removal of the oxide
scale, which is present on both sur-
faces of the plate. In these experi-
ments, welds with a high surface ten-
sion were ensured by first removing
the oxide scale from both surfaces of

Fig. 3 — The transverse weld cross sec
tions for: A — A laser weld (weld 1); B
— a hybrid weld (weld 4) are shown.
The laser conditions are the same, but
the hybrid weld has increased heat
input, larger amount of melted volume,
and greater weight that must be sup
ported by the surface tension force.

Fig. 4 — The internal structure of root
defects in: A — Hybrid lasergas metal
arc weld in 4.8mmthick plate (weld
6). The direction of welding is indicated
by the arrow. The strands of porosity
that stretch from the bottom of the
plate and connect in the center of the
defect were common in all the hybrid
welds where root defects formed; B —
laser weld in 9.5mmthick plate (weld
3) as determined by Xray computed
tomography. Only individual pores are
observed. Evidence of gouging due to
material loss to root defects can be ob
served at the top of the plate.
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the steel plate. Low surface tension
weld pools were acquired by only re-
moving the oxide scale from the top
surface and not grinding the bottom
surface. Oxygen pickup is a contribu-
tor but not the sole source of root de-
fects. In this case, the oxide scale acts
as a source of oxygen that leads to a
lower surface tension of the molten
metal at the root of the weld but is not
a necessary condition for root defect
formation. The volume of the weld
pool was varied by increasing the heat
input by transitioning from laser to
hybrid laser-arc welding or by increas-
ing plate thickness. Higher heat inputs
and greater plate thicknesses produce
more molten metal during complete
joint penetration welding. 
     In examining the effect of lower
surface tension, hybrid welds (welds 7,

8) were made under the
same conditions, with the
exception of the oxide
scale presence on the bot-
tom surface. The weld
with scale (weld 8)
formed root defects most
likely because the re-

straining surface tension force was
much lower due to the increased oxy-
gen content. On the other hand, the
weld without scale (weld 7) formed no
root defects. A comparison of the bot-
tom surfaces and transverse weld cross
sections are shown in Fig. 1B, C and
Fig. 2, respectively. In Fig. 1, irregular-
ly spaced root defects can be observed
in the weld with bottom surface oxide
scale. While the weld without scale
contains some reenforcement on the
bottom surface, there are no observ-
able defects. As can be observed in Fig.
2, root defects have a profound effect
on the weld cross section. The weld
without scale has a clearly identifiable
arc zone at the top, which is much
wider than the rest of the weld. In the
weld with scale, the weld width is

much narrower, and the complex
shape of the porosity in the root de-
fect nugget is observable. Eleven hy-
brid welds were made with and eight
hybrid welds made without bottom
surface oxide scale. In all cases, the
welds without bottom surface scale
did not form root defects, while those
with scale did form defects.
     The effect of heat input and liquid
metal volume on the root defect for-
mation was investigated next for a se-
ries of welds made at a travel speed of
30 mm/s. As shown in Table 1, the
laser weld (weld 1) has a heat input of
167 J/mm, while the hybrid welds
(welds 4–6) had estimated heat inputs
between 426 and 695 J/mm. The
higher heat inputs should increase the
size of the weld pool, which will in-
crease the overall weight that must be
balanced against the surface tension
force at the bottom of the pool. At the
lowest heat input, there were no root
defects, but defects formed at the high
heat inputs. The effect of heat input
on the size of the weld and amount of
material melted can be observed in

Fig. 6 — Process maps for: A — Lowcarbon steels; B — 304 stainless steel
— were constructed from available reports of laser welding and cutting
experiments. The maps indicate with what processing conditions accept
able complete penetration welds can be made with respect to other inter
action modes.

Fig. 5 — The comparison of surface tension force and
weight force for the experimental welds considered. The
numbers next to each weld indicate the processing con
ditions as shown in Table 1. Compared to experimental
results, all the welds are found to be on the correct side
of the Fg = Fs line.

Table 2 — Average and Standard Deviations of Three Measurements for the Top Surface and Bottom Surface Weld Width and Weld Length and the 
Estimated Arc Force

Weld Number D (mm) d (mm) l (mm) Arc Force (mN)

1 2.2 ± 0.1 1.6 ±0.2 3.7 ± 0.8 0.0
2 1.9 ± 0.2 1.5 ± 0.1 3.4 ± 0.7 0.0
3 4.2 ± 0.2 2.5 ± 0.1 6.9 ± 0.6 0.0
4 4.9 ± 0.2 2.5 ± 0.1 13.8 ± 0.7 9.0
5 6.4 ± 0.9 2.6 ± 0.3 17.0 ± 2.3 39.4
6 7.8 ± 0.4 3.3 ± 0.4 28.6 ± 1.8 74.3
7 6.1 ± 0.3 2.2 ± 0.3 15.8 ± 2.2 14.0
8 3.9 ± 0.5 2.0 ± 0.2 8.4 ± 2.2 14.0

A B
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Fig. 3, which shows the transverse
weld cross sections of the laser weld
(weld 1) and the lowest heat input hy-
brid weld (weld 4). The hybrid weld is
much larger in terms of cross-sectional
area compared to the laser weld, and
the high pool volume combined with
the suppression of surface tension
from the bottom surface scale promot-
ed the formation of root defects.
     Postweld observation showed that
some of the defect nuggets were miss-
ing portions of the outer wall, which
can be seen in one of the nuggets of
Fig. 1C and indicates that porosity
may be present. In Figs. 2 and 3, mi-
crographs show complex pore shapes.
The internal structure of the root de-
fect nuggets was characterized with X-
ray CT, which nondestructively evalu-
ates internal defects by differentiating
regions of different density. Within a
metal structure, pores appear brighter
since fewer X-rays are absorbed. 
     Typical internal structures of root
defects formed during hybrid laser-arc
welding and laser welding are shown
in Fig. 4. The porosity is represented
by the yellow colored shapes within
the defects. The large pore in the hy-
brid weld is fully interconnected. Eight
arms start at the edges of the weld and
extend down to the bottom of the root
defect nugget where they connect to a
large central pore. This interconnected
porosity contrasts with pores shown in
Figure 4B for a laser weld fabricated in
thicker plate. In this defect, there is
only a dispersion of smaller spherical
pores, which are only present in the
top half of the defect. Large gouges in
the top surface resulting from the loss
of material to the defect are also visi-
ble in Fig. 4B.
     Clearly, the laser and hybrid weld-
ing processes produced different pore
shapes and sizes within the weld de-
fects. Typically, in laser welding
processes, where large spherical pores
are present, keyhole collapse (Ref. 7)
results in pores centered on the laser
beam axis. Based on video evidence of
root defects forming and growing
along the length of the pool away from
the keyhole (Ref. 12) and X-ray CT im-
ages of complex pore networks and
different characteristics for different
welding processes, keyhole dynamics
probably cannot be used to explain the
porosity structures within the weld de-
fect nuggets. The most likely explana-

tion is that the additional forces in arc
welding, such as the arc pressure and
droplet impact force, led to the net-
work of pores observed in Fig. 4A.

Mechanism of Root Defect Formation

     The formation of weld root defects
can be viewed as a force balance be-
tween the weight of the liquid metal in
the weld pool and the surface tension
force. A model has been developed to
calculate the magnitude of each force
and utilizes an approximate weld pool
shape and measured weld bead dimen-
sions. The details of the model are given
in Appendix A. The results of the force
balance between weight and surface
tension are shown in Fig. 5. The num-
bers next to each point indicate which
weld is plotted. Error bars represent the
spread in values calculated with the un-
certainty for each measured dimension
given in Table 2. The model is physically
consistent, since as heat input increas-
es, the calculated values for weight due
to gravity and surface tension force also
increase. The Fg = Fs line defines the
boundary between regions where root
defects will (to the right of the line) and
will not (to the left of the line) occur.
     The laser welds (welds 1–3) have
the lowest weight forces (i.e., points
farthest to the left in Fig. 5) due to the
low heat input of the laser and the re-
sulting small pool volumes compared
to hybrid welds. Laser welds fabricated
on 4.8-mm plate (welds 1, 2) did not
form a defect since the surface tension
force of 4 mN easily restrained the
weight force of 1 mN. However, when
complete joint penetration laser welds
were made on thicker plate of 9.5 mm
(weld 3), the weight force increased to
7.5 mN and exceeded the surface ten-
sion of less than 7 mN, and defects
formed. The force balance captures the
difference in plate thicknesses and
predicts the observed outcome for the
laser welds. 
     For the laser and hybrid laser-arc
welds with the same 30 mm/s welding
speed (welds 1, 4–6), the model predicts
increasing weight due to gravity from 1
to 23 mN due to increasing heat input,
but the surface tension only increased
from 4 to 9 mN. The model predictions
for these welds agree with the experi-
mental observations. The force balance
also captures the differences in welds on
plates with and without bottom surface

oxide and identical process conditions
(welds 7, 8) with similar weight forces of
8 and 10 mN, respectively. With the
presence of the oxide scale, though,
weld 8 possesses only 40% of the sur-
face tension force of weld 7, which had
no oxide scale. As a whole, agreement is
good between the observed and predict-
ed formation of root defects with all of
the green symbols, indicating no ob-
served root defects, falling above the Fg
= Fs line and all the red symbols, indicat-
ing observed defects, below the same
line. These results indicate that repre-
sentation of the root defect formation
phenomenon as a quantitative force bal-
ance between weight and surface ten-
sion allows for a qualitative prediction
of an important welding defect.

Process Maps for Complete Joint 
Penetration Laser Welding

     The results described above indi-
cate that both heat input and plate
thickness affect the formation of root
defects in DH36 steel and are expected
to play a role in other alloys. For given
laser welding parameters, material
properties, and plate thicknesses,
however, the developed model cannot
provide a broader predictive capability
of root defect formation. Additionally,
the process parameters that produce
defect-free complete-joint-penetration
welds are bounded by other laser-
material interaction modes, such as
cutting and partial-penetration laser
welding. In order to address these ad-
ditional complexities, process maps
that tie together laser welding parame-
ters, material properties, heat input,
plate thickness, and laser-material in-
teraction modes are constructed for
different alloy systems. Comparison of
process maps for different alloys
should show where similarities exist
and what conclusions apply across ma-
terial types.
     Process maps have been construct-
ed for laser processing of low-carbon
steels and 304 stainless steel. The
nondimensional heat input per unit
length, which is similar to that used by
De and DebRoy (Ref. 23) includes laser
welding parameters and material prop-
erties and is defined as

(1)2=

η

ρ + Δ π
H*

P
U

(h H ) rv b
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where  is absorptivity, P is laser pow-
er, rb is the laser beam radius at focus,
U is the welding speed,  is the liquid
metal density, h is the enthalpy of the
liquid at the boiling point, and Hv is
the heat of vaporization. Both the nu-
merator and denominator have units
of energy per unit length, J/m. Equa-
tion 1 compares the amount of energy
absorbed from the laser per unit
length in the numerator to the
amount of energy per unit length nec-
essary to heat the alloy from room
temperature to the boiling point (de-
nominator). For the experiments con-
sidered here, H* is typically greater
than one, indicating that absorbed
laser energy is a multiple of the energy
to heat the alloy to the boiling point.
The material property values that were
used to calculate H* for each alloy are
given in Table 3. Estimated resistivi-
ties (Ref. 24) were used to calculate ab-
sorptivity (Ref. 25), and density, en-
thalpy, and heat of vaporization were
obtained from available references
(Refs. 24, 26). 
     When H* is plotted as a function of
plate thickness, four regions defining
cutting, complete-joint-penetration
weld without defects, complete-joint-
penetration weld with defects, and
partial-penetration weld, can be iden-
tified. In the case of cutting low-car-
bon steel or stainless steel in the pres-
ence of oxygen gas, laser energy ac-
counts for approximately half of the
total energy input into the system
with oxidation of liquid iron account-
ing for the other half (Refs. 27, 28).
Other processes, such as hybrid laser-
arc welding, are not considered in
these maps, but as shown previously,
the addition of another heat source
can increase the chances of root defect
formation. 
     The process maps for the laser
welding of low-carbon steel (Refs. 18,
27, 29–53) and 304 stainless steel
(Refs. 14–16, 39, 40, 54–70) are
shown in Fig. 6. Experimental H* data
for cutting, complete-joint-penetra-

tion welds without root defects, and
partial penetration welds are deter-
mined by macrographs of the welds or
explicit statements in the text and
plotted for every material type. Root
defects reported in the literature are
assumed to form because of the com-
petition between the surface tension
and liquid metal weight forces and not
other phenomena, such as keyhole in-
stability, which leads to macroporosity.
The lines defining each region are fit
to the complete-joint-penetration
laser welding data. All the conditions
shown are for a laser only, except as
indicated in Fig. 6A, where a set of hy-
brid laser-GMAW conditions (Ref. 18)
is used to show another case of root
defects in low-carbon steel.
     The points indicating root defect
formation for low-carbon steel in 12-
mm-thick plate (Ref. 31) are situated
close to the cutting-complete joint
penetration transition line. On the
other hand, because of the availability
of data, a line indicating the transition
from defect-free welds to welds with
root defects can be drawn for 304
stainless steel and fully encloses the
complete-joint-penetration laser weld-
ing space for the alloy. According to
the process map, the laser welding pa-
rameters for complete-joint-penetra-
tion welds in excess of 16 mm are very
limited, so only careful selection of
processing parameters can produce a
defect-free weld. For the same space in
low-carbon steel, relatively thick
plates of 25 mm can be welded at
nondimensional heat inputs of less
than 40.
     Comparison of the process maps
shows relatively similar behaviors at
lower heat inputs and plate thickness-
es. This similarity across process maps
is highlighted by the thick solid black
line, which encloses an identical
process space in the defect-free zone,
and can be used to produce defect-free
complete-joint-penetration welds for
each alloy. For example, process pa-
rameters yielding an H* of 12 will pro-

duce a defect-free weld in 8-mm-thick
plate of low-carbon steel and 304
stainless steel. Identical H* values for
plate thicknesses between 3.5 and 10
mm can be used across alloy systems.
The parameters shown in Fig. 6 can
speed process parameter development,
especially in thick plates, where
greater heat inputs lead to longer cool-
ing times between trial welds. For ex-
ample, if laser optics are fixed (i.e.,
minimum laser beam radius cannot
change), then welding engineers can
quickly select nondimensional heat in-
put from Fig. 6 for a given plate thick-
ness and calculate via Eq. 1 the laser
powers and welding speeds that will
produce defect-free, complete-joint-
penetration welds.
     At higher heat inputs and plate
thicknesses, the behaviors of each al-
loy diverge. A very small defect-free
complete-joint-penetration process
space is observed in 304 stainless
steel. The opposite is observed in low-
carbon steels. The process maps indi-
cate that two conditions are necessary
before root defects can form during
laser welding. First, the plate thickness
must be 10 mm or greater. Second, the
nondimensional heat input must be
greater than 16, which is also a mini-
mum value associated with root de-
fects. Once these two conditions are
met, the formation of root defects be-
comes possible. However, as shown in
the process maps, satisfying the condi-
tions does not guarantee root defect
formation. For example, the mean av-
erage H* value for root defect forma-
tion in low-carbon steel and 304 stain-
less steel laser welds is 33, so the
chances of forming root defects in-
creases as the heat input increases.
     From the process maps, 304 stain-
less steel is more susceptible to root de-
fect formation than low-carbon steel.
The reason is the difference in surface
tension, which is 1.91 N/m (Ref. 22)
and 1.17 N/m (Ref. 79) for steel and
stainless steel, respectively. The density
of each liquid alloy is 7030 kg/m3 for

Table 3 — Values Used to Construct the Process Maps

Alloy  – 1m - 10.6 m  (kg/m3) h (kJ/kg) Hv (kJ/kg)

Steel 0.34 0.12 7030 2390 6260
304SS 0.34 0.12 7070 2290 6330

Note: Absorptivity, , depends on the wavelength of the laser beam.
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steel and 7070 kg/m3 for 304 stainless
steel (Ref. 24). Both surface tension and
density should affect the formation of
root defects as shown in Eq. A5 and A7,
and only surface tension is very differ-
ent between the two alloys.
     Close inspection of Fig. 6A, B indi-
cates that root defects are associated
with relatively higher heat inputs. For
low-carbon steel, the root defects in
both laser and hybrid welding condi-
tions are close to the cutting transi-
tion line, indicating high heat input. In
the case of 304 stainless steel, all the
heat inputs associated with root de-
fects are greater than the defect-free
heat inputs for the same plate thick-
nesses, 10, 12, and 16 mm. 
     Some researchers have concluded
that the root defects are associated
with low heat input (Refs. 11, 18, 31).
However, the data compiled in Fig. 6A,
B suggest that the opposite is true. In
cases where lower heat inputs certain-
ly led to root defect formation, it ap-
pears that the researchers were already
operating at a high heat input. For ex-
ample, for 12-mm-thick low-carbon
steel plate (Ref. 31) and nondimen-
sional heat inputs between 35 and 40,
defects formed, but at lower heat in-
puts of 29 and 33 and higher heat in-
puts of 45 and 50 root defects did not
form. Additionally, all of these heat in-
puts are relatively high because com-
plete-joint-penetration defect-free
welds were made at nondimensional
heat inputs as low as 5 and 7 (Ref. 31).
By considering the whole range of
process parameters captured in the
nondimensional heat input parameter,
the fact that root defects are a high
heat input phenomenon becomes clear
and unambiguous.

Summary and Conclusions

     The root defect in complete-joint-
penetration laser and hybrid laser-arc
welding has been experimentally and
theoretically investigated. Welding pa-
rameters, plate preparation, and plate
size were varied to produce welds with
and without root defects. Optical mi-
croscopy and X-ray CT characterized
the internal structure of the defect
nuggets for different welding process-
es. A force balance between the weight
of the liquid metal and the surface ten-
sion was developed to describe the
competing forces driving the onset of

defect formation. Process maps for
two alloy systems have been con-
structed based on the experimental
welding and cutting parameters re-
ported in the literature. The conclu-
sions of this work are listed below.
     1) The qualitative effect of surface
tension and weight of liquid metal on
the formation of root defects was deter-
mined by varying the welding parame-
ters. A decrease in surface tension due
to the presence of oxide scale on the
bottom plate surface led to the defect
formation while no defects formed for
the same conditions on a plate with the
oxide scale removed. Larger weld pools
were formed either by increasing heat
input with the addition of an arc or
laser welding on 9.5-mm-thick plate.
The larger pools led to root defects,
while the laser welds on 4.8-mm-thick
plate formed smaller pools and did not
result in root defects.
     2) With the use of X-ray CT, the in-
ternal structure of defect nuggets
formed during hybrid laser-arc and laser
welding were found to be different. In
hybrid welding, the structure consisted
of a network of large pore strands that
stretched from the edge of the bottom
weld bead to the center of the defect
nugget. On the other hand, defect
nuggets resulting from a laser weld
showed a dispersion of small spherical
pores. The additional arc pressure and
droplet impact forces in hybrid welding
are the likely factors for the difference
in porosity structure.
     3) Based on the observations of
surface tension and weight of liquid
metal, a force balance between the two
was developed for an idealized weld
pool and applied to the experimental
conditions used in the study. The force
balance calculations matched the ex-
perimental observations in terms of
root defect formation for all of the cas-
es considered. The results showed that
the force balance has utility for pre-
dicting the defect formation, assuming
the pool geometry is known or can be
calculated.
     4) The process maps for low-carbon
steel and 304 stainless steel revealed
that identical H* values between 5 and
15 can be used to fabricate defect-free
welds in plate thicknesses between 3.5
and 10 mm for the two alloys consid-
ered. 
     5) The compiled data show that two
conditions, plate thicknesses greater

than 10 mm and H* values greater
than 15, must be met before root de-
fects can form. Consideration of the
heat inputs necessary to form root de-
fects in low-carbon steel and stainless
steel demonstrated that root defects
are a high heat input phenomenon, so
in most cases, reducing heat input will
eliminate defect formation.
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Appendix A

Calculation of Surface Tension
and Liquid Metal Weight

     To calculate the force balance be-
tween surface tension and liquid metal
weight, the approximated weld pool is
split into two general parts as illustrat-
ed in Fig. A1. The leading segment of
the weld pool, where the laser is inter-
acting with the liquid metal, is round-
ed and semicircular in shape and ex-
tends through the thickness of the
plate. The trailing section of the weld,
especially at higher welding speeds,
can take a triangular appearance at the
top surface but does not extend
through the entire plate thickness.
There is some boundary between the
pool and solidified material that ex-
tends from the end of the pool on the
top surface to the edge of the pool on
the bottom surface. Similarly, the vol-
ume of the idealized weld pool, shown
in Fig. A1, is split into two parts, a
cylinder surrounded by half of a trun-
cated cone, which are numbered 1 and
2, respectively, near the heat sources
and an overlapping trapezoid base
pyramid, which is divided between a
rectangular base pyramid (3) and two
triangle base pyramids (4 and 5). This
idealized volume is comparable to nu-
merical modeling results of partial-
penetration laser welds made under
similar conditions with depths of pen-
etration close to the plate thickness
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used here (Ref. 72).
     The various shapes are numbered
as 1) cylinder, 2) truncated cone, 3)
rectangle base pyramid, and 4) and 5)
triangle base pyramid. The volumes
are calculated as (Ref. 73)

V1 = 1⁄4πd2t (A1)

V2 = 1⁄24(πt)(D2 + d2 + Dd)
− 1⁄2V1 (A2)

V3 = 1⁄3dtl − 1⁄2V1 (A3)

V4 = V5 = 1⁄12(D − d)tl (A4)

where d is the bottom surface weld
width, t is the plate thickness, D is the
top surface weld width, and l is the
distance from the position of maxi-
mum weld width to the trailing edge of
the weld pool. Plate thickness is
known, and the top and bottom sur-
face widths can be measured from the
weld bead. The distance, l, can be esti-
mated from the top surface weld bead.
Three measurements were made for
the values D, d, and l in each weld and
are given in Table 2 along with the
standard deviations.
     Most of the liquid steel in the weld
is supported partially by underlying
solid material, which either solidified
or never melted. So, the entire weight
of the liquid metal is not supported by
the surface tension force at the bot-
tom of the pool. This situation is ac-
counted for by assuming each column
of liquid is supported by a surface act-
ing as an inclined plane (Ref. 74). The
volume of liquid unsupported by any
surface is the cylinder lying in the cen-
ter of the truncated cone. The force of
the liquid metal in the idealized weld
pool that must be supported by the
surface tension force is

Fg = g[V1 + (V2 + V4 + V5 + Vs)sin21

+ V3sin22] (A5)

where  is the density of liquid iron,
7200 kg/m3 (Ref. 24), g is acceleration
due to gravity, 1 is the angle that the
cone and the triangle base pyramids
make with the bottom of the plate,
and 2 is the angle that the rectangle

base pyramid makes with the plate
bottom. Vs is a small volume that is
not considered in the five volumes and
is determined by disc integration of
triangle ABC in Fig. 7B. 
     Some of the welds considered are
hybrid laser-arc welds, where filler
metal is added to the molten pool. In
this case, the filler metal was assumed
to be spread evenly over the area of
the idealized weld with each of the five
volumes increasing based on top sur-
face area fractions of each shape. The
volume of filler metal added over the
length of the weld pool is

where vw is the wire feed speed, dw is
the diameter of the filler metal wire,
and U is the welding speed. The first
fraction describes the volume of filler
metal added to the weld per unit time.
The time necessary for the arc to tra-
verse the length of the weld pool is cal-
culated in the second fraction. Addi-
tionally, arc pressure from the plasma
will act on the weld pool during hybrid
laser-gas metal arc welding. The total
arc force has been measured by Lin
and Eagar (Ref. 75) in gas tungsten arc
welds for various torch angles and
welding currents. The estimated forces
(Ref. 75) are listed in Table 2, and
since the arc is located over the rectan-
gle base pyramid, the forces have been
added to the rectangle base pyramid.
     In the above derivations, recoil
force and droplet impact force have
not been taken into account. The re-
coil force results from evaporation at
the molten pool surface, and the
droplet impact force is due to the addi-
tion of liquid metal to the pool from
the consumable electrode. The recoil
pressure is a function of the equilibri-
um vapor pressure, which itself de-
pends on the temperature of the liquid
metal. Using the vapor pressure of liq-
uid iron (Ref. 24), the recoil force (Ref.
76) with a 46 mm2 weld pool surface
area and 2500 K surface temperature
is 0.4 mN. Due to the relatively low
value of recoil force at a fairly high
temperature, the effects of recoil pres-
sure were neglected. Similarly, when

the droplet mass and acceleration are
estimated (Ref. 77) for the welding
conditions studied, the maximum
force is less than 1 mN, which is negli-
gible compared to the other forces.
     The surface tension force is the re-
straining force that holds the liquid
metal in the pool and prevents the for-
mation of the root defect. This force is
calculated as (Refs. 78,79)

Fs=d (A7)

where  is the surface tension of liquid
steel at the melting point. In this
geometry, the root of the weld pool
acts as a pendant drop prior to detach-
ment (Ref. 80). According to this for-
mulation, the maximum surface ten-
sion force is normal to the plate. The
determination of the surface tension
for the pendant drop is calculated the
same as Eq. A7 when the force is set
equal to the weight of the droplet. For
the plate that was ground on the bot-
tom, the surface tension was taken as
1.91 N/m (Ref. 22), the value for pure
iron. For those welds made on plates
containing oxide scale on the bottom
surface, the surface tension was taken
as 0.88 N/m (Ref. 21), a value consis-
tent with oxygen impurities in iron.
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2
= π + Fig. A1 — The idealized weld pool,

which is used to estimate the volume
and weight of the liquid metal, is
shown as — A — A topdown view out
lining the five volumes used to calculate
total volume; B — a 3D view with the
various variables, dimensions, and indi
vidual volumes. 
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