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The objective of this study is to investigate an innovative infrared (IR) technique to enhance adhesion of
electroplated copper (Cu) on Ti-6Al-4V without dichromate dipping. The ultimate goal is to develop a Cu
coating process on Ti-6A1-4V without hazardous hexavalent chromium (Cr) solution treatments. Cu coat-
ings of around 50 pm were electroplated on Ti-6Al-4V specimens at a current density of 0.03 A/cm? in an
acidic Cu solution. To improve adhesion of coatings, IR heat treatments were performed on the Cu-coated
samples at different temperatures and durations: 860 °C for 600 s and 875 °C for 20-120 s. This process
was accomplished in an attempt to replace the use of dichromate dipping before electroplating. For
samples heat treated at 860 °C, no bonding existed, even after 600 s. It is believed that solid-state diffusion
prevailed at 860 °C and that 600 s was not enough for sufficient diffusion to occur. Adhesion was poor when
samples were heat treated at 875 °C for 20 s. Excellent adhesion was observed when the heat treatment
holding time was increased to 40 s. For 90 s, the surface appearance of coatings partially changed from
Cu-colored to a grayish color. There was no Cu left on the surface after a 120 s heat treatment. From
optical microscopic observations on sample cross sections, an interlayer between the Cu and Ti-6Al-4V
formed when heat treated at 875 °C for 40 s and longer. The interlayer thickness increased as the holding
time increased, until depletion of Cu. The sheet resistivity of coated specimens was on the order of pure Cu
for samples heat treated at 875 °C and less than 90 s. During the 875 °C heat treatment, the following
occurred: solid-state diffusion of Cu in Ti-6A1-4V, formation of eutectic solutions, dissolution of Cu and
Ti-6Al1-4V into the liquid phase, and the formation of intermetallic compounds. The lowest eutectic tem-
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perature of 875 °C played a key role in this innovative process of Cu coating on Ti-6Al1-4V.
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resistivity, Ti-6Al-4V

1. Introduction

Titanium (Ti) and Ti alloys are excellent candidates for
aerospace applications, owing to their high strength-to-weight
ratio and excellent corrosion resistance.!'! Coatings on Ti and
Ti alloys are used to improve wear resistance, oxidation resis-
tance, lubricity, or electrical conductivity. However, the thin
oxide layer present on the surface of Ti and Ti alloys causes
poor adhesion of coatings. Proper surface cleaning and activa-
tion before coating or postplating heat treatment are used to
improve the adhesion strength. Plating of hard chromium (Cr)
or electroless nickel (Ni) on Ti and Ti alloys are most widely
used for wear-resistance applications. For these coatings, heat
treatment at 700 °C was used to improve the adhesion of hard
Cr coatings and Ti substrates,"”” and post-plating heat treatment
at 480 °C was reported to improve adhesive strength of Ni
coatings on Ti resulting from diffusion of Ni into Ti and vice
versa.®! In another aspect, it has been reported that a thin film
of the intermetallic Ti,Cu compound on Ti alloys provides
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better corrosion resistance to acids and fluorides and can be
used for corrosive protection of Ti equipment.™ Copper (Cu)
coatings on Ti and Ti alloys have also been used to provide
lubricity and electric conductivity of Ti wires.”™ It was ob-
served that if the Cu layer is too thick, adhesion is poor. To
obtain the adhesive strength, Ti and Ti alloys for Cu electro-
plating are pickled in a solution of 25% HF and 75% HNO,
until red fumes are evolved; then the alloys are rinsed and
activated at 82-100 °C in a solution of Na,Cr,0,-2H,0 (250
g/L) and 4.8% HF for 20 min."! Dichromate dipping is used to
improve the adhesion of coatings; however, this method is not
advisable because Cr (VI) compounds can increase the risk of
lung cancer. A post-plating heat treatment can be an alternative
to dichromate dipping. In this study, the authors investigate the
adhesion and surface electrical conductivity of electroplated Cu
without dichromate dipping on Ti-6Al-4V after infrared (IR)
heat treatment.

2. Experimental

2.1 Sample Preparation

A Ti-6Al-4V rod, 25.4 mm in diameter, was cut to a thick-
ness of 5 mm. The Ti-6Al-4V disks for Cu electroplating were
pickled in a solution of 25% HF and 75% HNO;, until red
fumes were evolved; then the disks were rinsed and ultrasoni-
cally cleaned in deionized (DI) water. After cleaning, 50 pm
Cu layers were electroplated onto the Ti-6Al-4V disks in a
sulfate bath (CuSO,-5H,0, 200-240 g/L; H,SO, 45-75 g/L) at
a current density of 0.03 A/cm?, using a pure Cu rod as the
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anode. For comparison, 50 wm Cu foils were cut to 25.4 x 25.4
mm and placed on Ti-6Al-4V samples to replace electroplated
Cu for heat treatment.

2.2 Heat Treatment

Figure 1 shows the graphite fixture used for heat treatment.
In this fixture, the Ti-6Al1-4V disk (with 50 pm electroplated
Cu or 50 pm Cu foil) was held with two graphite disks and a
chromel-alumel thermocouple was placed between the graphite
disks and the specimen. During the entire heat-treatment pro-
cess, argon (Ar) was purged through the heating chamber at 6
L/min to prevent oxidation. Typically, the temperature of the
specimen was brought to the designated heat-treatment tem-
perature in less than 60 s and then the samples were held at that
temperature for various lengths of time before the power was
terminated. After heat treatment, the specimen was cooled in
flowing Ar. The cooling rate was rapid because the furnace
wall was cold during infrared (IR) heating and only the assem-
bly was heated to the desired joining temperature. Figure 2
illustrates the typical IR heating cycles. For comparison, typi-
cal heating cycles of induction heating and resistance furnace
heating were also included. The entire assembly was IR heat
treated at 875 °C for 20, 40, 60, 75, 90, and 120 s, and at
865 °C for 10 min.

Graphite Screw Graphite Disk
/ Copper
Clromel-alume]
Thermocouple
Ti-6AI4Y
Graphite Disk
Graphite Crucible
Fig. 1 The graphite fixture used in this study
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Fig. 2 Heating cycles. A: typical infrared heating cycle; B: induction
heating; and C: resistance furnace heating
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2.3 Characterizations and Analysis

Heat-treated specimens were cut through the reaction inter-
layer area, mounted, and polished for cross-sectional area ex-
aminations with an optical microscope. Also, the mounted
specimens were etched in a solution with 0.1% HF and 0.3%
HNO; to reveal the microstructure. The sheet resistivity of the
Cu films was measured by a Cascade Microtech (Beaverton,
OR) C4S5-64/5S four-point probe, with a spacing of 0.159 cm
between the probes. The sheet resistivity was calculated by

m™

P=127! (Eq 1)

~I <

where 7 is the thickness of the film, V is the output voltage, [ is
the input current, and p is the sheet resistivity of films.

Table 1 Appearance and Adhesion of Ti-6A1-4V/Cu Foil
and Ti-6Al-4V/Electroplated Cu Layer After
Infrared Treatment

Ti-6Al-4V
With 50-pm
Electroplated Cu

Ti-6Al-4V With
50 pm Cu Foil

Heat Treatment
Condition

Temperature Time Appearance Adhesion Appearance Adhesion

As electroplated Cu Very poor
865 °C 600 s Cu Poor (a) Cu Poor (a)
875°C 20s Cu Strong Cu Strong
875°C 40s Cu Strong Cu Strong
875°C 60 s Cu Strong Cu Strong
875 °C 75s Cu Strong Cu Strong
875°C 90s Cu/Gray Strong Cu/Gray Strong
875°C 120s Gray Gray .
(a) Partially bonded

1000 vyt rrrpvv—e - pmpymympopeymees -
>
~ -
- C:J X
L = S
- 4
4 925 °C ‘ L
1 L
-y
900 = 890 °C
- p
; l 875 875 '\ 4 |
4
4 870 ;
4 < (3]
. 314 =3
o It of |
E il [ E .
800 gy Bmprogreredigg g —ryyry e -y
50 60 70 80

Fig. 3 A portion of the Ti-Cu binary phase diagram near the first
eutectic reaction'”!
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3. Results and Discussion

3.1 Surface Appearance and Adhesion

Table 1 summarizes the visual examinations of specimens
after the IR heat treatment. For specimens with electroplated 50
pm Cu layers, without dichromate dip before electroplating,
the adhesion between Cu and Ti-6Al-4V is very strong; thus,
Cu coatings could not be peeled off when IR heat treated at
875 °C for 40, 60, and 75 s. The surface retained the Cu color.

o

For the 20 s IR heat treatment, the electroplated Cu is partially
bonded to the Ti-6Al1-4V disk. The as-peeled Cu and Ti-6Al-
4V surfaces showed a color change, indicating that reaction
between Cu and Ti-6Al-4V did occur. For 90 s, the surface
appearance partially changed to gray. When IR heat treated for
120 s, the entire surface changed to gray, suggesting the deple-
tion of Cu by the eutectic reaction of Ti-Cu at 875 °C (Fig.
3).7" The heat treatment of Ti-6Al-4V with 50 pm Cu foil
showed similar results.

For a few samples with electroplated Cu on Ti-6Al-4V

Fig. 4 Optical micrographs of cross section at different heat treatment time. For Ti-6Al1-4V with 50 wm electroplated Cu, (a) 40, (b) 60, (¢) 75,
(d) 90, and (e) 120. For Ti-6A1-4V with 50 wm Cu foil (f) 40, (g) 60, (h) 75, (i) 90, and (j) 120. In (a)-(d), the remained copper is on top and the

middle is the reaction interlay.
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disks, and heat treated without the two graphite disks holding
them together (“clipping”), bonding was poor; and Cu spalled
off even after IR heat treatment for 120 s at 875 °C. On the
other hand, in a previous study, the electroplated Cu coatings
with dichromate dipping prior to plating showed excellent ad-
hesion before and after heat treatment at 860 °C."™ Poor bond-
ing for samples heat treated without clipping indicates limited
(or no) reaction between Cu and Ti-6Al-4V due to the improper
contact of electroplated Cu and Ti-6Al-4V resulting from the
thermal mismatch of the Cu and Ti-6Al-4V. It was reported

Final Interlayer

O Remained Cu (Foil)
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Fig. 5 The remained Cu and interlayer thickness

that the coefficient of thermal expansion (CTE) of Cu and
Ti-6A1-4V are 16.5 x 107%°C and 8.5 x 107°/°C, respec-
tively.””! The CTE difference between these two metals is so
large that without proper holding, the differential thermal ex-
pansion causes misalignment between layers within each sample.

3.2 Cross-Section Observation

Figure 4 shows the cross-section optical micrographs of
coated Ti-6Al-4V IR heat treated at 875 °C for 40, 60, 75, 90,
and 120 s. The remaining Cu layer thickness was reduced and
the interlayer thickness grew as the heat-treatment time in-
creased. Image analysis carried out by ImagePro (Silver
Spring, MD) V4.1.0.0, Media Cybernetics shows the average
thickness of remaining Cu and the interlayer thickness varied
linearly with the heat-treatment time (Fig. 5). The remaining
Cu thicknesses were 38, 28, 19, and 5 pm, while the interlayer
thicknesses were 14, 26, 37, and 60 pm for 40, 60, 75, and
90 s, respectively. Copper was completely depleted for samples
heat treated at 870 °C for 120 s, and the thickness of the
interlayer reached ~71 pwm. For comparison, when using 50 pm
Cu foils, the heat-treated samples showed similar thicknesses
for the remaining Cu and interlayer.

From the cross-section optical micrographs in Fig. 4, there
are two distinguishable phases in the joint zone, and it is ob-
vious that the interlayer is the product of solidification of liquid

Diffusion affected layer

Diffusion aftected layer

Fig. 6 High-magnification optical micrographs at the interface of reaction interlay and base material. (a) 120 and (b) 90
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Fig. 7 The sheet resistivity of the remaining Cu and interlayer

after the IR power was turned off. According to the Ti-Cu
phase diagram, solidification occurs in the following manner,

Liquid — BTiCu, + TiCu, (Eq2)
This finding suggests that the two phases in the joint zone are
BTiCu, and TiCu,, which may be verified with other analysis
techniques.

Figure 6 shows that a distinct diffusion layer of Cu into
Ti-6Al-4V is observed with a high-magnification optical mi-
croscope for a specimen heated at 875 °C for 120 s. Such
diffusion layers are not clear for 90 s samples. This observation
indicates that the dissolution rate of Ti-6Al-4V into the liquid
phase is much faster than the diffusion of Cu from the liquid
into Ti-6Al-4V before the depletion of Cu occurs. That is, the
dissolution of solid Ti-6Al-4V or Cu into the liquid was pre-
dominant, and the solid-state diffusion was limited at 875 °C
before the depletion of Cu.

3.3 Resistivity of Remained Cu

The literature reports sheet resistivities of 1.673 and 167.5
wQ - cm for Cu and Ti-6Al-4V.”! The sheet resistivities mea-
sured for 50 pwm electroplated Cu and 50 pm Cu foil are 2.280
and 1.749 p() - cm, respectively. The reason for higher sheet
resistivity of electroplated Cu is the residual stress after elec-
troplating. Equation 1 is used for the calculation of sheet re-
sistivity of conducting thin film on a nonconductive substrate.
Because the sheet resistivity of Ti-6Al-4V is 100 times greater
than that of Cu, Eq 1 was treated as if the Ti-6Al-4V were an
insulator. Figure 7 shows the sheet resistivity of the remaining
Cu and interlayer. The interlayer has the sheet resistivity of
3.53 Q) - cm. The sheet resistivity of the remaining Cu de-
creases as the heat-treatment time increases, due to relaxation
of residual stress in Cu from the heat treatment and the effect
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of interlayer, which has lower resistivity and cannot be treated
as an insulator.

3.4 Proposed Reaction Mechanism Between Cu
and Ti-6Al-4V

From optical microscope observations, the following
mechanism of reaction between Cu and Ti-6Al-4V is proposed.

1. When the IR furnace power is on, the solid-state interdif-
fusion of Ti and Cu increases as the temperature increases.
However, the solid-state diffusion is limited due to the low
diffusivity of Ti in Cu or Cu in Ti (6.59 x 107" cm*/s at
875 °C)™ and the rapid heating rate of IR furnace (less than
60 s from room temperature to 875 °C).

2. A very limited amount of intermetallic, Ti,Cu, TiCu, TiCu,,
and BTiCu,, is formed due to the solid-state diffusion.

3. As soon as the TiCu, and 3TiCu, formed, and the tempera-
ture reached 875 °C, the following reaction takes place:
BTiCu, + TiCu, — Liquid (Eq3)

4. After the liquid forms, the dissolution of solid into liquid
dominates the process, and it is much faster than solid-state
diffusion. The liquid provides strong bonding between Cu
and Ti-6Al-4V after the solidification.

5. If the heat-treatment time is too short (20 s), the amount of
liquid is not enough to form an interlayer conducive to
strong bonding. Therefore, the adhesion is poor. For longer
times (40-75 s), the Cu is not completely consumed when
the IR furnace is turned off, and the specimens still have Cu
remaining on the surface. The solidified liquid provides the
bond between the remaining Cu and Ti-6Al-4V. If the time
is increased further (90 or 120 s), Cu is exhausted.

6. When the IR furnace power is terminated, the liquid solidi-
fies into TiCu, and BTiCu,, which can be observed in the
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optical photomicrographs. Limited solid-state diffusion of
Cu from the interlayer into Ti-6Al-4V or Ti/Al/V from the
interlayer into the Cu.

It is to be noted that the actual temperature for the reaction
shown in 3 can be lower than 875 °C (for Ti-Cu), due to the
presence of Al and V in the base material.

4. Conclusions

The conclusions from this study are summarized as follows:

* A process of providing a strongly adhering Cu layer on
Ti-6Al-4V was developed without dichromate dipping.

e For the sample heat treated at 875 °C for 20 s, adhesion is
poor. For a longer holding time, sufficient liquid formed
during IR treatment, and strong bonding developed be-
tween the remaining Cu layer and Ti-6Al-4V.

e Adhesion is poor for the specimens heat treated at 860 °C
for 600 s, due to slow solid-state diffusion with respect to
the rapid heating rate of IR furnace.

e Adhesion of Cu onto Ti-6Al-4V is mainly improved by an
interlayer that solidified from the liquid phase at 875 °C.
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The resistivity of remaining Cu is on the order of that for
pure Cu.
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