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Introduction
     Titanium (Ti) clad steels are widely

used for large pressure vessels and
other equipment in different
industries to take advantage of the
corrosion resistance of Ti, but at a

lower cost than solid Ti construction.
Ti-clad steels are produced by roll
bonding (usually with an interlayer),
direct explosive bonding (usually with-
out an interlayer) (Ref. 1), or by a com-
bination of explosive bonding and roll
bonding (Ref. 2). Interlayers are used
to improve the bond strength of the
clad steel or to overcome metal plastic-
ity compatibility restrictions encoun-
tered in roll bonding. Industrial-grade
pure iron (Fe); ultralow-carbon steel;
and niobium (Nb), tantalum (Ta), cop-
per (Cu), and nickel (Ni) alloys have
been used as interlayers in the
cladding process (Refs. 3–6). Ti is also
used in lightweight applications due to
its high strength-to-weight ratio. This
has led to the use of Ti and its alloys in
a wide range of applications in
aerospace, marine/submarine,
automobiles, and as a bio-implant 
material. 
     Sometimes there is the need to re-
pair corrosion-resistant Ti-clad steels
during production or during service.
Additionally, poor wear/erosion resist-
ance is a serious drawback for more
universal applications of titanium or
titanium alloys. Corrosion and wear
are essentially surface-related
phenomena. Therefore, suitable modi-
fication of surface composition and/or
microstructure is a logical and
economical approach to provide corro-
sion or wear resistance of structural el-
ements. Therefore, development of Ti-
rich overlays to weld corrosion-
resistant Ti-clad steels or to provide
erosion/wear resistance to lightweight
Ti structures is needed. However, Ti
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has not been successfully fusion
welded directly to steel or other com-
mon alloy systems because Ti has lim-
ited solubility for them. Brittle inter-
metallic compounds and carbides form
when the solubility limit is exceeded,
as in fusion welding (Refs. 7, 8).
Cracks often form in these brittle
phases due to the thermal stresses in-
duced during cooling of the welded
joint. In order to identify potential Ti-
rich overlay systems for welding or re-
pairing Ti-clad steel plates or to
provide wear/erosion resistance for
lightweight Ti structures, different Fe-
X-Ti weld overlay systems were
deposited and characterized, with or
without postweld heat treatment
(PWHT), in this experimental work.

Experimental Procedures
     Selection of Interlayer Materi-
als: An extensive literature search was
conducted to identify the different
technical approaches that have been
evaluated to date to avoid or control
the embrittlement normally found in
steel-to-Ti joints. The metallurgical
characteristics of different potential
interlayer materials as they relate to
the compatibility with the Ti-Fe
system were reviewed. Five interlayer
materials were selected for use in the
Fe-X-Ti weld overlays. 
     Efforts involving combinations of
joining processes and interlayer mate-

rials between the Ti and steel to con-
trol or completely avoid the intermix-
ing of steel and Ti have resulted in lim-
ited success. These efforts include re-
sistance welding with vanadium (V),
molybdenum (Mo), aluminum (Al), or
silver (Ag) interlayers (Ref. 10); arc
welding after the steel has been metal-
lized or plasma sprayed with a layer of
Mo, tungsten (W), tantalum (Ta), or
refractory carbides (Refs. 11–13); dif-
fusion bonding with a Ni interlayer or
controlling the carbon level in the
steel plate (Refs. 14, 15); friction weld-
ing with and without a friction-
weldable interlayer (Refs. 16, 17); in-
stantaneous liquid phase bonding
(Ref. 18); and electron beam welding
using Ag insert metal (Ref. 19). Addi-
tionally, data on dissimilar-metal
joints involving a combination of Ti,
steel, and other alloys and their associ-
ated mechanical properties are
limited. Finally, despite previous
efforts, there is not a clear
understanding of the relative embrit-
tlement effect of carbides and the dif-
ferent intermetallic compounds that
may form when Ti is joined to Fe, Ni,
or Cu.
     Data available on theory of
alloying, binary and ternary phase dia-
grams, and the quasi-equilibrium be-
havior of these alloy systems during
solid-state bonding or roll bonding do
not include the effect of
nonequilibrium conditions induced

during weld thermal cycles. However,
they provided insight and were used as
general guidelines to select the poten-
tial interlayer materials for the Ti-rich
weld overlay systems, as described as
follows.
     V Interlayer: The Fe-Ti phase dia-
gram shows limited mutual solubility
and the presence of intermetallic com-
pounds (Fe2Ti and FeTi). Additionally,
carbon in the steel may react with Ti
to form brittle carbides (TiC). Alloying
is an important means of reducing the
negative effect of brittle intermetallic
compound formation on weldability.
The stabilization of thermo
dynamically ideal solid solutions could
reduce the tendency for intermetallics
to form. The equilibrium phases Fe2Ti
and FeTi form at specific
electron/atom (e/a) ratios. Any
ternary alloying element affecting the
e/a ratio likely affects the stability of
these intermetallic phases. 
     Based on the theory of alloying, it
has been indicated that size difference
between solute and solvent atoms is
important in determining the stability
of solid solutions (Ref. 20). If the
atomic radii of the solute and the
solvent differ by more than 15%, exten-
sive solubility is unlikely. If the solute
and the solvent radii are similar, a large
mutual solubility is predicted unless
solute and solvent are transition met-
als. Additionally, an electronegativity
factor was introduced later on to com-
plement the size factor rule (Ref. 21). A
large electronegativity difference can
provide a large driving force for the for-
mation of compounds. Conversely, a
small difference of electronegativity be-
tween solute and solvent atoms (less
than 0.4 units) should promote a large
solid solubility. These criteria have
shown to be valid for a large number of
systems but the predictive accuracy is
poor in systems with solvents that are
transition metals. However, this is still
considered to be an effective tool to
predict mutual solubility of alloying ele-
ments. In a graphical representation or
Darken-Gurry type map for Fe and Ti
(Ref. 22), each of these elements repre-
sents the center of an ellipse with prin-
cipal radii corresponding to 15% of
atomic radius and 0.4 electronegativity
units. As a result, V and other elements
(including manganese and chromium)
located inside both these ellipses are,
according to these criteria, potential

Fig. 1 — Schematic plot of current, voltage, and WFS waveform of a typical CSCGMAW
weld over 0.5 s.
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candidates for joining Fe to Ti.
     Few reliable theories have been de-
veloped to determine the solid solubil-
ity of alloys in which both solute and
solvent are transition metals; however,
an empirical diagram has been
proposed that maps elements as a
function of their electron density and
chemical potential (Fermi energy)
(Refs. 22–24). It was discovered that
the absolute value of the ratio of these
two quantities characterized well the
sign of heat of mixing, and could be
used as a general rule for alloying. This
type of diagram for the transition met-
als and selected nontransition
elements shows that V lies almost ex-
actly between Ti and Fe (Ref. 22). The
addition of V causes the Fermi energy
of Fe to decrease at a rate
approximately equal to that of the in-
crease in Fermi energy of Ti. Thus, the
addition of V causes the lattice
mismatch between BCC-Fe and b-Ti to
decrease.
     Because the primary selection of al-
loying elements for the weld overlays
is restricted to those potentially form-
ing simultaneously continuous series
of solid solution with Fe and Ti, the

primary choice is V. Other elements
that may be considered as a secondary
choice and that are part of
commercially available welding wires
include Ni and chromium (Cr). 
     Ni and Ni-Cu Interlayers: There
are additional reasons to use Ni as an
interlayer material. The addition of Ni
suppresses the formation of Ti-Fe in-
termetallic compounds. Studies of
properties of diffusion joints between
Ti and mild steels also indicate that
using a Ni interlayer results in the for-
mation of intermetallic compounds
rich in Ti and Ni but with better prop-
erties than those where Ti was joined
directly to the steel (Ref. 14). Further-
more, Ni and Fe form continuous
series of solid solution at high temper-
ature. Finally, it is difficult to form car-
bides in Ni alloys. Experimental
results have shown that the
coexistence of TiFe and TiFe2 with TiC
will have more detrimental effects on
the properties of the joint than if only
one compound is formed (Ref. 15).
     Ni-Cr Interlayer: Studies of hot
rolling Ti-clad steels between 850° and
1010°C with a Ni-Cr interlayer showed
that when Cr content is below 32.5 wt-

%, a brittle Ti(Ni, Cr)3 is formed at the
boundary between the cladding and
the insert material, which decreases
the cladding strength (Ref. 6). When
the Cr content exceeds 40 wt-%, a brit-
tle d-phase is formed at the boundary
of the steel base material and the
insert material. Chromium content be-
tween 32.5 and 35.0 wt-% is preferred.
Additionally, when Ni content is below
55.0 wt-%, a brittle TiCr2 is formed at
the boundary of the cladding material.
When the Ni content exceeds 65%, the
brittle Ti(Ni, Cr)3 is formed as in the
case where the Cr content is below
32.5 wt-%. Both of these situations
decrease the strength of the cladding. 
     Since nonequilibrium welding con-
ditions may limit the formation of the
detrimental intermetallic compounds
described previously, a commercially
available Ni-Cr based filler metal
(55–44 wt-%) with a chemical compo-
sition close to the identified optimum
concentration levels was selected as
potential interlayer for the Ti-rich
weld overlays.
     Cu Interlayer: Rapid conduction
of heat from the molten weld pool by a
base metal with high thermal conduc-

Fig. 2 — A, B — General view of Ticlad steel wide groove joint de
sign; C — Tirich weld overlays deposited with the CSCGMAW
process; D — weld overlays deposited with a combination of the
CSCGMAW and GTAWP processes.
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tivity affects the energy available to lo-
cally melt the base metal. Reducing the
amount of melting of the base metal
reduces the amount of dilution of the
deposited weld metal. Cu has a
thermal conductivity that is about
eight times higher than steel and a
high preheat is normally required to
melt it into the weld joint. Therefore,
the use of a Cu interlayer may result in
an undiluted Ti weld deposit, which is
necessary to maintain the corrosion
resistance required for the different
applications of Ti-clad steels. 
     Additionally, the high ductility of
copper may accommodate the large
strain induced in the weld overlays
during cooling. Therefore,
commercially pure (CP) Cu was also se-
lected as a potential interlayer for the
weld overlays.
     In summary, based on a comprehen-
sive literature review, potential

interlayer materials for the Ti-rich over-
lays were identified based on their met-
allurgical characteristics and compatibil-
ity with the Ti-Fe system. The selected
interlayer materials included:
• Vanadium (V): This interlayer mate-

rial was selected since it is
potentially compatible with, and has
a higher melting temperature than,
both Ti and Fe.

• Copper (Cu): This interlayer material
was selected because it has a lower
melting temperature and a higher
thermal conductivity than both Ti
and steel. Therefore, it is expected to
minimize the amount of dilution and
interaction between them.

• Nickel (Ni) based interlayers: These
interlayer materials were selected to
try to control the type of phases
formed at the interface and the
resulting degree of embrittlement of
the joint.

     Welding Conditions: Different
joining processes were considered for
the deposition of the different weld
overlay systems (Ref. 9). The selection
criteria included that the material
overlay-joining process combination
should be easily deployed in the field,
require a low equipment investment,
and use commercially available
consumables. Therefore, arc welding
processes were considered the primary
processes of choice. The controlled
short-circuit gas metal arc welding
(CSC-GMAW) process offers
significantly reduced heat input and
dilution when compared to other arc
welding processes. Therefore, the CSC-
GMAW process was chosen to deposit
most of the selected interlayer materi-
als and Ti layers. The CSC-GMAW
process is an advanced version of the
short-circuiting GMAW process, which
uses a reciprocating wire feed to

Fig. 3 — General microstructure observed in the FeNiTi weld overlay system. A — Macro, B — Microstucture at the NiTi interface. C —
Microstructure of the 2nd Ti layer, D — Microstructure of the 3rd Ti layer.
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promote consistent
droplet transfer at
low currents (Refs.
25–29). 

Welding
parameters of the
CSC-GMAW process
include up-wire feed
speed (Up WFS)

(m/min), down-WFS (m/min), arc
length (mm), arc current sequence,
and short circuit current sequence.
Each current sequence has three levels
to set (start, pulse, and end). These
three current levels are used to control
the bead shape and size. The start and
pulse levels have a time associated
with them. For the end current level,

Fig. 4 — General microstructure observed in the FeVTi weld
overlay system. A — Macro, B — Microsturcture at the VFe inter
face, C — Microstructure at the TiV interface.

Table 1 — Welding Conditions for Deposition of Different Layers of Materials in the Weld Overlays Using the CSCGMAW Process

Arc Current Sequence Short Circuit Current Sequence

Weld Layer Shielding Gas Start Start Pulse Pulse End Start Start Pulse Pulse End 
Current Current Current Current Current Current Current Current Current Current

(A) Time (ms) (A) Time (ms) (A) (A) Time (ms) (A) Time (ms) (A)

Ni on Steel 100% He 100 NA 100 NA 100 50 NA 50 NA 50
Ti on Ni 100% He 80 5 60 5 40 40 2.5 60 NA 60
NiCu on Steel 100% He 100 NA 100 NA 100 50 NA 50 NA 50
Ti on NiCu 100% He 80 5 60 5 40 40 2.5 60 NA 60
NiCr on Steel 50% Ar/50% He 100 NA 100 NA 100 50 NA 50 NA 50
Ti on NiCr 100% He 80 5 60 5 40 40 2.5 60 NA 60
CPCu on Steel 100% He 130 NA 130 NA 130 50 NA 50 NA 50
CPCu on Steel 100% He 150 NA 150 NA 150 50 NA 50 NA 50
Ti on CpCu 100% He 120 5 100 5 80 40 2.5 60 NA 60
Ti on Ti 100% He 80 5 60 5 40 40 2.5 60 NA 60

Wire Feed Speed Weaving Parameters
Up WFS Down WFS Initial Oscillation Speed Dwell Time Oscillation Forward Travel
(m/min) (m/min) Arc Length (in./min) (s) Amplitude Speed

(mm) (in.) (in./min)

10 15 0.0 17.4 0.2 0.78 65.1
8 10 1.0 28.4 0.3 0.90 27.9

10 15 0.0 22.3 0.2 0.80 65.1
8 10 0.5 28.4 0.3 0.93 27.9

15 15 0.0 17.4 0.2 0.83 74.4
8 10 0.5 28.4 0.3 0.88 27.9

15 15 0.0 34.5 0.3 0.70 26.0
10 10 0.0 46.8 0.3 0.65 26.0
8 10 0.0 28.4 0.3 0.83 29.7
8 10 0.5 28.4 0.3 0.93 27.9

C

A B
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the current is maintained until the
next sequence is initiated. During the
arc phase, the end of the electrode is
melted and a droplet is formed. At the
same time, the electrode is feeding for-
ward toward the weld pool. The
forward WFS is set higher than the
burn-off rate so that the arc will short
out. Upon shorting, the droplet at the
end of the electrode is pulled into the

weld pool by the liquid pool’s surface
tension. The control system senses the
voltage drop and prevents the current
from spiking severely. A current
sequence is implemented to allow re-
sistive heating. The heat allows for a
smooth arc ignition. At the same time,
the wire feeders reverse direction so
that the electrode is being pulled away
from the weld pool. This makes the

short circuit break mechanically. This
differs from any other short circuiting
process, which relies on the electrode
exploding to reestablish the arc. Some
of the Ti-rich weld overlays were
deposited with a combination of CSC-
GMAW and pulsed gas tungsten arc
welding (GTAW-P) processes. 
     Figure 1 shows a schematic plot of
the current, voltage, and wire feed
speed (WFS) of a typical CSC-GMAW
weld over 0.5 s. Table 1 lists the CSC-
GMAW welding parameters used for
depositing each interlayer material
and the subsequent Ti layers in the
weld overlays. 
     The deposition of the different inter-
layer materials and corresponding Ti
layers was done in 150  200-mm (6 
8-in.) explosion Ti-clad steel samples.
The explosion-clad metals consisted of
SA-516-70 carbon steel with a nominal
thickness of 27.5 to 38.0 mm (1.1 to 1.5
in.) and SB-265-1 Ti clad with a nominal

Fig. 5 — General microstructure observed in the FeCuTi overlay system: A — Macro; B — Microstructure at the CuTi interface, C — Mi
crostructure of the 1st Ti layer, D — Microstructure of the 3rd Ti layer.

Table 2 — General Characteristics of the Welding Consumables Used to Deposit the TiRich Weld
Overlays

Weld Overlay Interlayer Filler Metal Welding 
System(a) Material Designation Wire Size (in.) Process

1. NiTi Nickel ERNi1 0.062 CSCGMAW
2. NiCuTi Nickelcopper ERNiCu7 0.062 CSCGMAW
3. NiCrTi Nickelchromium ERNiCr4 0.062 CSCGMAW
4. VTi Vanadium — 0.062/0.045 PGTAW
5. CuTi Copper ERCu 0.062 CSCGMAW
6. Ti Titanium fill passes ERTi1 0.062/0.035 CSCGMAW PGTAW

(a) The designation of the weld overlay system indicates the sequence of deposition of the interlayer material and Ti
in the joint.

A B

C D
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thickness between 4.8 and 8.0 mm
(0.188 and 0.313 in.). The samples have
a wide groove prepared by the strip-
back method. The joint design of the
wide-groove included a root that was
between 19.0 and 25.0 mm (0.75 and
1.0 in.) wide and a 22-deg bevel angle.
Additionally, the groove was machined
to a depth of about 2.50 mm (0.10 in.)
into the steel substrate, as shown in Fig.
2A, B. 
     The general description of the weld-
ing consumables used for the different
Ti-rich weld overlay systems is
included in Table 2. The designation of
the weld overlay system indicates the
sequence of deposition of the
interlayer material and Ti in the weld
overlay. For all the weld overlays
deposited with the CSC-GMAW
process, a 1.6-mm- (0.062-in.-) diame-
ter electrode was used. 
     Figure 2C, D shows a general view
of some of the weld overlay samples.
The specimen in Fig. 2C shows a step-
wise configuration at the ends. The
three levels of the stepwise configura-

tion from the end
toward the center of
the sample
correspond to the
surface of the weld
deposit of the inter-
layer material, the
surface of the first
Ti deposit layer, and
the surface of two
additional layers of
Ti. This

arrangement allowed the characteriza-
tion of deposits of the interlayer mate-
rial in the as-welded condition and an
evaluation of the effects of thermal cy-
cles induced during the deposition of
one and three layers of Ti on the prop-
erties of the interlayer materials and
the weld overlay as a whole. These
welded joints were subjected to
radiographic examination to evaluate
the soundness of the joints and to de-
termine the location of different speci-
mens required for the
characterization. 
     Postweld Heat Treatment: The
PWHT of the Ti-rich overlays was con-
ducted following the guidelines of Sec-
tion VIII of the ASME, Boiler and Pres-
sure Vessel Code, for carbon steel
welded constructions. The holding
temperature was between 1125° and
1150°F, and the holding time ranged
from 1 h, 15 min to 1 h, 52 min
depending on the thickness of the full-
size joint. Heating rates above 800°F
were controlled to be equal or less

than 400°F/h/in. Cooling rates above
800°F were equal or less than
500°F/h/in.
     Microstructural Evaluation: The
characterization of the Ti-rich weld
overlays was conducted in the as-
welded and postweld heat treated con-
ditions. Transverse and longitudinal
specimens were cut from the Ti-rich
weld overlay samples for
microstructural evaluation, which was
conducted using optical and scanning
electron microscopy (SEM), electron
probe microanalysis (EPMA), and mi-
crohardness testing. 

The samples were initially ground
and polished using 80 to 2400 grit SiC
abrasive paper. Final polishing of the
samples for light microscopy and SEM
was done with a 0.05-mm colloidal sil-
ica suspension. The general
microstructures of the weld overlay
deposits were revealed for analysis in
the light microscope by using a specific
combination of etchants. For the Ni-
Ti, NiCu-Ti, NiCr-Ti, and Cu-Ti inter-
layer systems a two-step combination
of Kroll (100 mL H2O + 2–6 mL nitric
acid 65% + 1–3 mL hydrofluoric acid
40%) and ferric chloride (3 g Fe3Cl + 5
mL HCl + 100 mL H2O) etchants were
applied by immersion or swabbing. For
the V-Ti interlayer system, an
electrolytic etching (75 mL methanol
99.8% + 10 mL sulfuric acid 95–97% +
25 mL hydrochloric acid 32%) was
used. The samples prepared for evalua-
tion in the SEM were in the as-

Fig. 6 — General microstructure observed in the FeCuTi weld
overlay deposited with a combination of CSCGMAW and
GTAWP processes. A — Macro, B — Microstructure at the Cu
Ti interface, C — Microstructure of the 2nd Ti layer.

C

A B
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polished (unetched) condition. 
     The different phases present in each
Fe-X-Ti weld overlay system were identi-
fied using the SEM in the backscattered
electron mode. The chemical composi-
tion of each phase was determined
using the EPMA. The combined SEM-
backscattered mode and EPMA analysis
were run at zones located at increasing
distances from the steel-interlayer
interface. The chemical composition
profile of major alloying elements in the
through-thickness direction of the dif-
ferent Ti-rich weld overlays was
determined as well.
     Microhardness profiles were deter-
mined in the through-thickness direc-
tion of the deposited weld overlays
starting from the steel substrate
toward the surface of the last layer of
Ti weld deposit. The microhardness
profiles of the weld overlays were de-
termined in deposits with one and
three Ti layers, respectively, and in the

as-welded and PWHT conditions. The
hardness readings were determined
using a hardness Vickers scale with a
load of 500 g (HV0.5). 

Results and Discussions
     Light Microscopy Evaluation:
Figures 3–6 show examples of the mi-
crostructures observed in the different
overlay systems. For sake of clarity,
the base materials (steel and Ti-clad)
and the different deposited weld layers
(interlayer material, first Ti layer, sec-
ond Ti layer, and third Ti layer) are la-
beled in the figures showing a macro-
section of the overlays (Figs. 3A, 4A,
5A, and 6A).

A high degree of intermixing
between the interlayer material and Ti
was observed in the Ni-Ti, NiCu-Ti,
and NiCr-Ti overlays. As a result, each
layer of the deposited weld overlay

etched distinctly, as shown in Fig. 3A.
These systems present a continuous,
wide, and poorly defined interface be-
tween the interlayer material and the
first Ti layer, as shown in Fig. 3B. Ad-
ditionally, second phases were
observed at the interlayer-Ti interface
and in the first Ti layer. In the NiCr-Ti
system, the presence of second phases
was observed even in the third Ti
layer. The formation of second phases
may have resulted from dilution of Ni,
Cu, or Cr in the Ti weld deposit above
the solubility limit of the
corresponding alloying system. 
     The dilution of Ni, Cu, or Cr from
the interlayer material in the second
layer of Ti weld metal induced the for-
mation of acicular- or Widmanstätten-
a microstructure (Fig. 3C) that is char-
acteristic in a-b Ti alloys. Ni, Cu, and
Cr are b stabilizers in Ti alloys. As ex-
pected, the stabilization of b phase de-
creases with a decrease in the alloying

Fig. 7 — Backscattered electron images showing fraction and distribution of phases (light regions are NiCrrich phases and dark regions
are Tirich phases) observed in the NiCrTi interface (A) and in the first, second, and third Ti layers (B–D) of the weld overlay. 
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Ramirez Supplement Sept 2014_Layout 1  8/15/14  3:59 PM  Page 345



WELDING RESEARCH

WELDING JOURNAL / SEPTEMBER 2014, VOL. 93346-s

content in the weld deposit. As a
result, the microstructure observed in
the third Ti layer, Fig. 3D, resembles
more the microstructure characteristic
of commercially pure or -Ti alloys.
     Conversely, the V-Ti and Cu-Ti over-
lay systems welded with the GTAW and
the CSC-GMAW, respectively, presented
a lower degree of intermixing between
the interlayer material and Ti, as shown
in Figs. 4A and 5A. As a result, a narrow
and well-defined interface ranging in
thickness from 50 to 250 mm between
the Cu interlayer and Ti was observed,
as shown in Fig. 5B. In these overlays,
the presence of second phases was
mainly limited to the Fe-V interface or
the Cu-Ti interface, as shown in Figs. 4B

and 5B. The interface between V and Ti
was free from formation of second
phases as shown in Fig. 4C. This can be
explained using the Ti-V binary phase
diagram, which indicates complete solid
solubility between those two elements. 
     Due to the low dilution of alloying
elements from the interlayer material
in the Ti weld deposits in these
overlays, the microstructure of the Ti
weld deposit, including the first layer,
corresponds to those normally found
in commercially pure -Ti alloys as
shown in Fig. 5C, D. 
     In the Cu-Ti weld overlay deposited
with a combination of CSC-GMAW and
the GTAW-P processes, a high degree of
intermixing was observed. As a result,

each weld deposit layer etched
distinctly, as shown in Fig. 6A.
Additionally, the Cu-Ti interface became
wider than in those made with only the
CSC-GMAW process. The thickness of
the interface was about 1 mm as shown
in Fig. 6B. Finally, the higher level of Cu
concentration in the Ti weld deposit re-
sulted in a microstructure that is similar
to those of -b Ti weld metal alloys as
shown in Fig. 6C. Cu stabilizes b-phase
in Ti alloys. The thicker interface
between Cu and Ti and the higher level
of Cu dilution in the Ti weld deposit
may be explained by the higher heat
input and higher level of stirring of the
weld pool induced by the GTAW-P
process as compared to that of the CSC-

Table 3 — General Microstructural Characteristics Observed in the TiRich Overlay Systems

Weld Overlay System

FeNiTi FeVTi FeCuTi
Characteristics FeNiCuTi FeCuTi (CSCGMAW + 

FeNiCrTi GTAWP Processes)

Degree of Intermixing • High • Low • High
InterlayerTi Interface • Continuous • Continuous • Continuous

• Wide • Narrow (<250 µm) • Wide (±1.0mm)
• Presence of 2nd • Presence of 2nd • Presence of 2nd 

phases phases (FeCuTi system) phases
1st Ti Layer • Presence of 2nd • Ti alloy • Acicular (+ β) Ti 

phases microstructure alloy microstructure
• Acicular (α + β) Ti

alloy microstructure
2nd Ti Layer • Second phases • Ti alloy • Acicular (+ β) Ti 

(FeNiCrTi system) microstructure alloy microstructure
• Acicular (+ β) Ti 

alloy microstructure
3rd Ti Layer • Second phases • Ti alloy microstructure • NA

(FeNiCrTi system)
• Ti alloy microstructure

Fig. 8 — Concentration profile of Fe, Ni, Cu, and Ti in a Fe
NiCuTi weld overlay.

Fig. 9 — Concentration profile of Fe, Cu, and Ti in a FeCuTi
weld overlay.
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GMAW process.
     Table 3 presents a summary of the
general microstructural characteristics
observed in the different weld overlays
by using light microscopy.
     Electron Microscopy Evaluation:
Figure 7 presents, as an example,
backscattered electron images
illustrating the change in area fraction
and distribution of different phases
present in the NiCr-Ti overlay. As ex-
pected, the area fraction or quantity of
phases rich in interlayer alloying
elements (light phases) decreases from

the interface toward the surface of the
Ti-rich weld overlay. Most of the over-
lays presented a dendritic
solidification mode. 
     Chemical composition data
obtained from EPMA analysis and
phase diagrams related to the weld
overlay systems were used to identify
the potential primary phases present
at the interface and in the first Ti
layer. The potential phases present in
each one of the weld overlay systems
are listed in Table 4. Additional work,
including transmission electron

microscopy or X-ray diffraction, would
be required to confirm the structure
and identification of these phases. 
     Chemical Composition Profiles:
Composition profiles of major
elements including Fe, Ni, Cu, Cr, and
Ti measured from the steel-interlayer
interface to the surface of some of the
Ti-rich weld overlays are shown in
Figs. 8–10. The concentration of major
alloying elements in different layers of
the weld overlays is listed in Table 5.
     The Fe content in the weld overlay
deposits changed from levels near 100
wt-% in the steel substrate to less than
1% through the thickness of the
deposited interlayer materials (first
layer of the weld overlay). In the case of
the Cu-Ti overlay, the Fe level dropped
to about 0.35 wt-% within 150 mm from
the steel-Cu interface. The Fe content
dropped to zero through the first Ti
weld layer in most of the overlays.
Based on the concentration of Fe in the
weld deposit of different interlayers, the
weld metal dilution ranges from 2 to
16%. Based on the content of major al-
loying elements from the interlayer ma-
terials in the first Ti layer of the weld
overlays, the weld metal dilution ranges
from 2 to 20%. Therefore, these results
show that the CSC-GMAW process is ef-
fective in controlling and minimizing
the dilution of the weld metal, which is
important in maintaining the corrosion
resistance of the Ti-weld deposits.
     In the Ni-Ti overlay system, the
level of Ni dissolved in the Ti weld
metal dropped to 1.3% through the
first two Ti layers. In the NiCu-Ti
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Fig. 10 — Concentration profile of Fe, Cu, and Ti in a FeCuTi
weld overlay deposited with a combination of CSCGMAW and
GTAWP processes.

Fig. 11 — Microhardness profile of NiCuTi weld overlays with
one and three Ti layers (1Ti, 3Ti), in the aswelded and PWHT
conditions (CSCGMAW process).

Table 4 — Chemical Composition and Designation of Potential Phases Observed in TiRich Weld Over
lays 

Chemical Composition, wt% (at.%) Designation of
Ni Cu Cr Ti Main Phases

Phase NiTi Interlayer System

1 72.8 (68.6) — — 27.1 (31.4) Ni3Ti
2 59.2 (54.0) — — 39.7 (44.3) NiTi
3 34.7 (30.2) — — 64.4 (68.9) NiTi2
4 27.0 (23.0) — — 72.7 (76.3) NiTi2
5 10.7 (8.9) — — 89.1 (90.7) βTi

NiCuTi Interlayer System
1 42.7 (38.7) 23.3 (19.6) — 30.6 (34.0) CuNiTi / Ni3Ti
2 33.2 (28.5) 14.1 (11.2) — 47.7 (50.3) NiTi
3 26.5 (23.1) 7.1 (5.7) — 64.6 (69.1) NiTi2 + CuTi2
4 9.5 (7.7) 4.2 (3.2) — 86.0 (88.4) βTi
5 7.4 (6.2) 7.2 (5.6) — 84.5 (87.0) βTi

NiCrTi Interlayer System
1 26.5 (22.8) — 4.2 (4.1) 69.3 (73.1) NiTi2
2 9.1 (7.6) — 9.6 (9.0) 81.3 (83.4) NiTi2 + Cr2Ti
3 25.7 (22.2) — 10.1 (9.9) 64.2 (68.0) NiTi2
4 9.5 (8.0) — 15.4 (14.7) 75.0 (77.3) NiTi2 + Cr2Ti

CuTi Interlayer System
1 — 74.4 (68.6) — 25.6 (31.4) CuTi2
2 — 65.8 (55.8) — 30.2 (34.0) Cu3Ti
3 — 37.1 (30.8) — 62.9 (69.2) CuTi2
4 — 17.3 (13.7) — 81.9 (86.0) βTi
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layer, the levels of Ni and Cu dissolved
in the Ti weld metal dropped to 3.4
and 1.5%, respectively, through the
first two Ti layers, as shown in Fig. 8.
In the weld metal made with the NiCr
interlayer system, the concentration of
both Ni and Cr dissolved in the Ti weld
metal dropped to 2.4% through the
first two Ti layers. No data were avail-
able on the effect of Ni, Cu, or Cr con-
centration on the corrosion resistance
of commercial pure Ti weld metal;
however, these results indicate that at
least three Ti layers may be required to
achieve a commercial pure Ti composi-
tion in the surface of the weld overlay
for the corrosion resistance needed in
some of the Ti-clad applications.

In the Cu-Ti overlay deposited with
the CSC-GMAW process, the Cu concen-
tration approximately 100 mm from the
Cu/Ti interface was about 1% and
remained close to that level through the
first Ti weld metal layer, as shown in
Fig. 9. This indicates that with the Cu-Ti
system deposited with the CSC-GMAW
process, only two Ti layers may be
needed to achieve the corrosion resist-
ance required for most Ti-clad steel ap-
plications. Furthermore, depending on
the effect of about 1% Cu on the corro-
sion resistance of CP Ti weld metals, in
some cases one layer of Ti weld metal
may be enough to achieve the required
corrosion resistance.

In the Cu-Ti overlay deposited with
a combination of CSC-GMAW and
GTAW-P processes, the concentration

of Cu near to the surface of the second
Ti layer is about 0.9%, as shown in Fig.
10. At a distance of 1.5 mm from the
surface of the Ti weld metal deposit,
the concentration of Cu was 1.1%. De-
pending on the potential effect of
about 1% Cu on the corrosion
resistance of Ti, this result indicates
that at least three Ti layers may be re-
quired to achieve the chemical compo-
sition of a CP Ti grade at the surface of
the weld deposit exposed to the serv-
ice medium. The observed microstruc-
ture and chemical composition profiles
observed in this overlay system may
result from a higher degree of
intermixing in the weld pool induced
by the GTAW-P process compared to
the CSC-GMAW process.
     Microhardness Profiles: Some of
the microhardness profiles obtained
from the weld overlays are shown in
Figs. 11–13. In general, all weld over-
lay systems present the highest hard-
ness level at the interlayer-Ti interface
and across the first Ti layer. This is in
agreement with the results of light-
and electron-microscopy characteriza-
tion of the weld metal deposits that
indicated the presence of second
phases in those regions of the weld
overlays. The maximum hardness in
the Ni-Ti, NiCu-Ti, and NiCr-Ti weld
overlay systems were 607, 568, and
554 HV0.5, respectively. In the V-Ti
and Ti-V overlay systems, the
maximum hardness readings obtained
at the Fe-V interface were 307 and 409

HV0.5, respectively. The maximum
hardness observed in the Cu-Ti weld
overlay ranges from 300 to 350 HV0.5. 
     The different weld overlays
responded differently to thermal cycles
imposed by either welding of additional
layers of Ti weld metal or by PWHT. In
the Ni-Ti system, a larger softening was
caused at the interface and in the first
Ti layer by the thermal cycle associated
with additional layers of Ti weld metal
than by the PWHT. However, as result
of the PWHT, the hardness of the weld
overlay with three Ti-layers shows some
hardening behavior near the interface
between the second- and third-Ti layers.
In the NiCu-Ti and NiCr-Ti weld
overlays, no major softening was
observed as a result of the thermal
cycles induced either during welding or
by PWHT as shown in Fig. 11. The high
hardness and softening behavior of
these three Ti-rich weld overlay systems
make them attractive for wear/erosion
resistant applications.
     In the Fe-V-Ti system, extremely
high hardness was not observed across
the weld deposit in spite of the
presence of second phases at the Fe-V
interface; however, the presence of mi-
crocracks at the Fe-V interface may
have influenced the results of the
hardness readings. In the Ti-V-Fe sys-
tem, a high hardness peak was
observed at the V-Fe interface, which
may have resulted from a combination
of Fe and Ti at that interface. The high
degree of solid solubility between V
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Fig. 13 — Comparison of microhardness profiles of CuTi weld
overlay deposited with the CSCGMAW process and with a combi
nation of CSCGMAW and GTAWP processes.

Fig. 12 — Microhardness profile of a CuTi weld metal over
lays with one and three Ti layers (1Ti, 3Ti), in the aswelded
and PWHT conditions.
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and Ti may have induced a relatively
high concentration of Ti in the V weld
deposit that could have then been
available for reaction with Fe at the V-
Fe interface. EPMA analysis was not
conducted in weld metal deposits
made with either the Fe-V-Ti system
or the Ti-V-Fe system to confirm this.
     As shown in Fig. 12, the Cu-Ti weld
overlay shows the softest deposits, es-
pecially in the PWHT condition. This
system shows a more pronounced soft-
ening behavior due to PWHT than by
additional welding thermal cycles. In
the Cu-Ti system, as a result of the
PWHT, the hardness level through the
weld deposit drops to around 200
HV0.5. However, the weld overlay de-
posited with a combination of CSC-
GMAW and GTAW-P processes
presented a wider hard region at the
Cu-Ti interface and a lower degree of
softening induced by the PWHT as
shown in Fig. 13. The observed hard-
ness behavior can be explained based
on a wider Cu-Ti interface in weld
metal deposited with a combination of
CSC-GMAW and GTAW-P processes as
compared to that deposited with the
CSC-GMAW process alone.

Conclusions 

     • Based on their metallurgical char-
acteristics, compatibility with the Fe-
Ti system, and their availability as
commercial welding wires, the

interlayer materials selected as candi-
dates for Ti-rich weld overlays
included commercially pure nickel
(CPNi), nickel-copper alloy (NiCu),
nickel-chromium alloy (NiCr), CP
vanadium (V), and CP copper (Cu).
     • The Ni-Ti, NiCu-Ti, and NiCr-Ti
weld overlays deposited with the CSC-
GMAW process showed a continuous
and wide interface between the inter-
layer material and the first Ti layer.
Second phases were observed at the
interlayer-Ti interface and in the first
Ti layer. In the NiCr-Ti weld overlay,
second phases were observed even in
the third Ti layer. The first and second
Ti layers in these weld overlays
presented an acicular- or Widmanstät-
ten-a microstructure that is character-
istic in a or a-b Ti alloys. 
     • The Cu-Ti and V-Ti weld overlays
deposited with the CSC-GMAW
process and the GTAW-P process,
respectively, presented a continuous
and well-defined interface between
the interlayer material and the first Ti
layer. The thickness of the interface
ranges from 0 to 250 mm. Second
phases were observed at the Cu-Ti in-
terface. The interface between V and
Ti was free of second phases. The mi-
crostructure of the first Ti layer was
similar to those normally found in CP
a-Ti alloys. 
     • The Cu-Ti weld overlay deposited
using a combination of CSC-GMAW
and GTAW-P processes presented a

continuous and wider interface than
that observed in the weld overlay de-
posited only with the CSC-GMAW
process. The thickness of the interface
was about 1 mm. The first and second
Ti layer presented an acicular- or Wid-
manstätten-a microstructure.  
     • The primary second phases identi-
fied as potentially present in the Ti-
rich weld overlays include Ni3Ti, NiTi,
NiTi2, CuNiTi, CuTi2, Cr2Ti, CuTi2,
Cu3Ti, and b-Ti. 
     • The dilution of the interlayer weld
metals by the steel base metal ranges
from 2 to 16%. The dilution of the
first Ti layer in the weld overlays
ranges from 2 to 20%. Therefore, the
CSC-GMAW process is effective in con-
trolling and minimizing the dilution of
the weld metals, which is important in
achieving the corrosion resistance of
CPTi in the weld overlays with few
(one to three) Ti layers.
     • In general, the highest hardness in
the weld overlays was observed in the
interlayer-Ti interface and first Ti
layer. The maximum hardness in the
Ni-Ti, NiCu-Ti, and NiCr-Ti weld over-
lays was 607, 568, and 554 HV0.5, re-
spectively. Limited degree of softening
was induced in these overlays by weld
thermal cycles or PWHT. Therefore,
these Ti-rich overlay systems could be
attractive for wear/erosion resistant
applications.
     • The maximum hardness observed
in the Cu-Ti weld overlay ranged from
300 to 350 HV0.5. As a result of the
PWHT, the hardness level through the
weld deposit dropped to around 200
HV0.5. Therefore, this overlay system
might be more attractive for mainly
corrosion-resistant applications.

     This publication was prepared
based on development work supported
by DMC Clad Metal, Materials
Technology Institute, and Eastman
Chemical as part of a group-sponsored
project at EWI. 
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Table 5 – Dilution of Major Alloying Elements in Different Layers of the TRich Weld Overlays
(Based on EPMA Analysis) 

Overlay System Alloying Alloy Content (wt%)
Elements Interlayer 1st Ti Layer 2nd Ti Layer 3rd Ti Layer
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