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Contact tube wear is the bottleneck of industrial application for non-copper-coated solid wire. It is crucial
that we understand the wear mechanism of contact tube so that we can decrease contact tube wear. The
effects of temperature and heat input on contact tube wear were investigated in this work. The results
demonstrated that fatigue peeling was the main wear mechanism of the contact tube at room temperature
without supplying a welding current. Adhesive wear, oxidative wear and abrasive wear were the primary
wear mechanisms of the contact tube at 450 °C without supplying a welding current. The wear rate of the
contact tube during welding was significantly enhanced in comparison with the wear rate at 20 °C and
450 °C. The effect of contact tube temperature on the wear properties of the contact tube was limited. The
wear rate of the contact tube was increased with increasing heat input for non-copper-coated solid wire.
The wear mechanism of the contact tube was converted from oxidative wear to arc ablation at the heat

input of 9114 J/cm.

Keywords contact tube, heat input, joining, non-copper-coated
solid wire, steel, wear mechanism

1. Introduction

Environmentally friendly non-copper-coated solid wires
have the potential application in robotic arc welding. However,
the contact tube wear limits the wide industrial application of
non-copper-coated solid wires (Ref 1). The wear properties of
the contact tube significantly influence the alignability and
feedability of welding wires. The contact tube wear evidently
reduces the precision of trajectory planning and seam tracking
for welding robots (Ref 2, 3). Various factors synthetically
affect the wear properties of the contact tube. These factors
include the lubricating properties of coatings, the contact tube
temperature, the heat radiation from arc and molten pool, the
welding current and the mechanical friction heat. In general, the
contact tube temperature is derived from the synergistic effect
of various factors during welding. The heat input essentially
represents the effect of welding current, arc voltage and the
welding speed (Ref 4). In summary, the contact tube temper-
ature and heat input are critical factors in influencing the wear
properties of contact tube for non-copper-coated solid wires.
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Temperature plays an important role in the wear of contact
tube. When copper plating solid wires were welded for 30 min,
the contact tube temperature reached approximately 407 °C at a
distance of 2 mm from the tip, whereas the temperature reached
approximately 447 °C for non-copper-coated solid wires at the
same welding time. The temperature difference is caused by the
difference of the Joule heat generated at the sliding contact (Ref
5). When the radiative heat from the arc and molten pool was
shielded, the contact tube temperature reached approximately
227 °C at the welding time of 220 s. When the contact tube
was affected by the radiative heat from the arc and molten pool,
the contact tube temperature reached approximately 327 °C
over the same time (Ref 6). It was reported that the contact tube
temperature reached approximately 400 °C at points 10 mm
from the tip when welding for 150 s (Ref 7). Adam et al.
observed that the contact tube temperature reached approxi-
mately 480 °C with an air-cooled gun when welding for 100 s.
The major sources of contact tube heating are radiation from
the arc and resistive heating from the electrode—contact tube
interface (Ref 8). It is important to understand the wear
mechanisms of contact tube under different temperatures.

The tribological behaviors of the contact tube are investi-
gated by friction and wear experiment instruments for low-
carbon steels against pure copper or copper alloys pairs. These
results provide some information about the wear mechanisms
of contact tube. The friction coefficient of borided bearing
steels decreased with an increase in the temperature from room
temperature to 600 °C. In this case, the wear rates increased as
the temperature was raised (Ref 9). The dominant wear
mechanisms of copper are brittle fracture and delamination
wear at low temperatures (up to 300 °C), whereas oxidative
mild wear occurs at high temperatures (greater than 300 °C).
The wear mode of pure copper changes from oxidative to
abrasive wear or arc ablation as the electrical current intensity
increases (Ref 10). The wear rate of both Cu-Cr-Zr and Cu-Cr-
Ag copper alloys increased with increasing electrical current.
Adhesive wear, abrasive wear and arc erosion are the primary
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mechanisms of copper alloy wear during the electrical sliding
processes (Ref 11-13). With the transition of the contact tube
wear from mild to severe, the dominant wear mechanisms of
contact tube change from fatigue peeling and oxidative wear to
abrasive wear and arc ablation (Ref 14). However, the
operational conditions of these tribological instruments are
different from the conditions to which the contact tube is
exposed during welding. During welding, the contact tube is
continuously influenced by the welding current of 300 A, the
high temperature of 380-450 °C, the shielding gas and the heat
radiating from arc and the molten pool. The tribological test
results are not suitable for controlling contact tube wear with
these experiment instruments. Therefore, it is necessary to
evaluate the wear properties of contact tube with novel test
methods.

In this work, we propose a novel friction and wear test
method. The wear properties of contact tube were evaluated at
room temperature and 450 °C. The effect of heat input on the
wear properties of the contact tube was investigated. A contact
tube wear map was established. The wear map qualitatively
expresses the correlations between the contact tube wear
mechanisms, the contact tube temperature and the welding
current. The wear map also provides theoretical guidance for
the reduction in contact tube wear.

2. Experimental Procedure

2.1 Materials

Two non-copper-coated solid wires (wires A and B) and a
commercial copper plating solid wire (wire C) were selected as
the welding consumables. The diameter of the solid wire was
¢1.2 mm. The substrate of the solid wire was ER70S-6. All of
the solid wires conformed to AWS AS5. 18 M: 2005. The
surface coating compositions of the solid wires are shown in
Table 1. A Cr-Zr-Cu contact tube measured approximately
¢1.36 mm in inner diameter. The chemical composition of the
contact tube is shown in Table 2.

2.2 Measurement of Contact Tube Temperature

A circular groove was machined at a point 3 mm from the
contact tube tip. A thermocouple was placed in the circular
groove to measure the contact tube temperature. As illustrated

in Fig. 1, the contact tube temperature was continuously
recorded through the temperature recorder. The contact tube
temperature was measured for a welding period of 300 s. The
welding conditions are shown in Table 3.

2.3 Wear Properties of Contact Tube Testing

As shown in Table 3, the cold test method is described as
following. The contact tube was held at room temperature. The
welding wire was continuously moved along the inner surface
of the contact tube for 3 h. The feeding speed of the welding
wire was 12 m/min. Under the cold test conditions, the wear
properties of the contact tube were tested with an automatic
wire feeder, as described in Fig. 2(a). The wear properties of
the contact tube at room temperature were defined as the cold
wear properties of the contact tube.

Similarly, the hot test conditions shown in Table 3 are
depicted as follows. The contact tube was placed in an electric
furnace, where temperature was held at 450 °C. The welding
wire was continuously moved with the speed of 12 m/min for
3 h. The wear properties of the contact tube were tested with an
automatic wire feeder, as depicted in Fig. 2(b). The wear
properties of the contact tube at 450 °C were identified as the
hot wear properties of the contact tube.

Termocouple

Nozzle Contact Temperature
L~ tube P

™~ Recorder

Fig. 1 Scheme of measurement devices of contact tube temperature
for wire A, wire B and wire C

Table 1 Surface coatings compositions of wire A, wire B and wire C

Compositions of main solid lubricants, wt.%

Number of solid wires C MoS, Fe;0,4 Fe, 053
A 37.5 25 375 0

B 50 0 0 50

C Copper plating

Table 2 Chemical composition of Cr-Zr-Cu contact tube

Element Al Mg Cr Zr Fe Si P Impurity Cu
Content 0.1-0.25 0.1-0.25 0.4-0.8 0.3-0.8 0.05 0.05 0.01 0.5 Bal.
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Table 3 Cold wear conditions, hot wear conditions and welding conditions of the contact tube for wire A, wire B, and

wire C

Test parameters Cold wear conditions Hot wear conditions Welding conditions

Current/voltage

280-320 A/33-36 V

Welding speed, cm'min ™ 45
Extension length, mm 20
Polarity Direct current electrode positive (DCEP)
Test temperature, °C 20 450 Obtained from thermocouple
Feeding time of wire, h 3
Wire feed speed, m-min~! 12
Shielding gas and flow rate 100% CO,, 20 L/min
Welding wires reel
L — Take-up
Wire feeder ¢ _ =& devices
Feeding tube —
e ———
== ===
Contact tube -
(a)
Welding wires reel H
Temperature supply = Take-up
Wire feeder F | Recorder 9 = devices
Feeding tube —
2 ==
Contact tube| ————
~— =< __Electric
(b) furnace

Fig. 2 Sketch of test devices of (a) cold wear properties of contact tube, (b) hot wear properties of contact tube. Test conditions: 7 = (a) 20 °C
or (b) 450 °C, feeding time of wire = 3 h, feed speed of wire = 12 m/min, flow rate of 100% CO, shielding gas = 20 L/min

A MOTOMAN welding robot was used as the auto-welding
equipment. The power source was a MOTOWELD-S350
welding machine (SG-MOTOMAN). The contact tube was
fixed during welding. The welding wire was fed with the
sliding velocity of 12 m/min for 3 h. The welding conditions
are exhibited in Table 3. The wear properties of the contact
tube were evaluated under the welding conditions.

Based on the welding parameters in Table 4, the wear
properties of the contact tube for wire A were tested at the heat
inputs of 4200, 6072, 9114 and 11,760 J/cm, respectively,
corresponding to welding currents of 150, 220, 280 and 350 A.
The heat input was calculated according to formula 1.

_nul
Ty

E (Eq 1)
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where E is the heat input, 7 is the heat efficiency where for gas
shielded arc welding, n = 0.7, U is the arc voltage, [ is the
welding current and v is the welding speed.

2.4 Characterization

Before each test, to remove surface contaminants, each
contact tube was placed into an acetone solution with ultrasonic
cleaning for 20 min. The contact tube was then dried out and
weighed with an analytical balance, the precision of which was
0.0001 g. The initial weight of the contact tube was denoted as
mgy. The initial inner diameter of the contact tube was
determined by an OLYMPUS SZ61-type stereoscopic micro-
scope, with the value denoted as D,. After welding, spatter and
pollutants on the surface of the contact tube were removed.
Then, the contact tube was ultrasonically cleaned for another
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Table 4 Welding parameters of the wire A

Current/ Welding speed, Heat input, Shielding Gas flow Extension Welding
voltage cm min~! J/em gas rate, L min™’ length, mm Polarity time, h
150A/20 V 30 4200 100%CO, 20 20 DCEP 1
220A/23 V 35 6072
280A/31 V 40 9114
350A/36 V 45 11,760
electron microscope (SEM, FEI Quanta 200F) and an energy-
600 di .
ispersive x-ray spectroscopy (EDS).
500 |-

400 -

300

—— A-Cu free
—— A-Cu free

200 | B-Cu free

Contact tube temperature/C

—— B-Cu free
—— C-Cu coated
100 |
L 1 1 1 2 1 L 1 2 1 "
0 50 100 150 200 250 300
Welding time/s

Fig. 3 Contact tube temperature trends for wire A, wire B and wire
C during welding. Test conditions: [ = 280-320 A, U =33-36 V,
welding speed = 45 cm/min, extension length of wire = 20 mm,
DCEP, welding time = 300 s, feed speed of wire = 12 m/min, flow
rate of 100% CO, shielding gas = 20 L/min

20 min and dried out. Its postwelding mass was weighed as m;
with the analytical balance. The maximum inner diameter of the
contact tube was determined as D, by the stereoscopic
microscope. In these tests, two parameters must be defined to
characterize the wear properties of the contact tube. These
parameters are the mass loss rate of the contact tube and the
wear rate of the contact tube’s inner diameter. The mass loss
rate of the contact tube (me,) and the wear rate of the contact
tube’s inner diameter (D) Wwere calculated according to
formulas 2 and 3.
mo

Mo M 100%

(Eq 2)
my

Myear =

Dmax -D

% % 100% (Eq 3)

Dyear =
o
The contact tube was cut into two identical parts along the
radial direction with a wire-cut electric discharge machine.
Then, the half contact tube was cut into a 15 mm x @10 mm
segment along its transverse direction. The cut location was
close to the contact tube tip. The contact tube sample was then
cleaned with acetone to remove all surface contaminants. Worn
surfaces of the contact tube were investigated using scanning
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3. Experimental Results

3.1 Wear Properties of the Contact Tube under Different
Test Conditions

Figure 3 shows the contact tube temperature trends during
welding. The contact tube temperature increased to approxi-
mately 300 °C at 25 s. The contact tube temperature fluctuated
at 380-510 °C with welding time. These differences of the
contact tube temperature are caused by electrical contact
resistances between the welding wire and the contact tube (Ref
15). The average contact tube temperatures were approximately
460 °C, 500 °C, and 380 °C for wires A, B, and C, respec-
tively.

The hot wear rate of the contact tube is slightly higher than
its cold wear rate, as presented in Fig. 4, so temperature does
influence the wear properties of the contact tube. It was
observed that the contact tube of wire A had the lowest wear
rate, followed by that of wire B and finally, where the contact
tube of wire C had the highest wear rate. Figure 5 shows the
wear properties of contact tube under different test conditions.
These test conditions included the cold wear conditions, the hot
wear conditions and the welding conditions. It was found that
the wear rate of the contact tube during welding is significantly
higher than its cold wear rate and hot wear rate. Therefore,
welding plays a critical role in influencing the wear properties
of contact tube.

According to Fig. 6, the wear rate of the contact tube
increases with the increase in heat input. The effect of heat
input on the wear properties of the contact tube indicates a
transition point. A transition from mild to severe contact tube
wear was clearly observed in the worn morphology of the
contact tube. When the heat input was less than 9114 J/cm, the
gradient of the wear rate of the contact tube was lower, whereas
the contact tube wear was mild. When the heat input was
greater than 9114 J/cm, the gradient of the wear rate of the
contact tube was significantly higher. In this case, the contact
tube suffered a transition from mild to severe wear.

3.2 Worn Morphology of the Contact Tube under Different
Wear Conditions

Table 5 shows the cold worn morphology of the contact
tube and interface compositions. The worn surface of the
contact tube for wire A was smoother. The surface was covered

Volume 28(5) May 2019—2791
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Fig. 4 Wear properties of the contact tube for wire A, wire B and wire C at 20 °C and 450 °C. Test conditions: 7 = 20 °C or 450 °C, feeding
time of wire = 3 h, feed speed of wire = 12 m/min, flow rate of 100% CO?2 shielding gas = 20 L/min
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Fig. 6 Wear properties of contact tube for wire A, wire B and wire
C under different heat inputs. Test conditions: = 150-350 A,
U =20-36 V, welding speed = 30-45 cm/min, extension length of
wire = 20 mm, DCEP, welding time = 1 h, flow rate of 100% CO,
shielding gas = 20 L/min
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A

Wear properties of the contact tube for wire A, wire B and wire C under different conditions: cold wear test, hot wear test, the welding

with several debris. Lots of debris were distributed at the worn
surface of the contact tube for wire C. Some microcracks
existed within the bulk materials, demonstrating the typical
features of fatigue peeling. The EDS results showed that these
debris were composed of the copper element, because the
debris peels off from the copper matrix.

Table 6 shows the hot worn morphology of the contact tube
and interface compositions. The worn surface of the contact
tube for wire A was very smooth. Bulks and little copper debris
were found on the surface. The inner surface of the contact tube
for wire A was covered with graphite and iron oxides. The
inner surface of the contact tube for wire B had numerous deep
furrows and debris but less uniformity. The residual quantity of
graphite in the grooves was low. Lots of shallow furrows
existed at the inner surface of the contact tube for wire C. The
EDS analysis of these grooves showed elemental traces of Cu,
C and O. The compositions were C, Cu, Fe and O at the smooth
zones of the contact tube.

As displayed in Table 7, the inner surface of the contact
tube for wire A was smooth. Bulk or granular substances were
distributed at the inner surfaces. Debris and adhesive bulks
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Table 5 Cold worn morphology of the contact tube and interface compositions for wire A and wire C. Test conditions:
T = 20 °C, feeding time of wire = 3 h, feed speed of wire = 12 m/min, flow rate of 100% CO, shielding gas = 20 L/min

Microzones compositions of the contact
Worn morphology of the contact tube

Wires tube
type Macroscopic worn  Microscopic worn Point 1 Point 2
morphology morphology composition composition
i3 : ‘ (©)EDS1 (d) EDS 2
Wear ‘debris: gugaze’G E?-?é‘%s
. oiar I crog
Wire A o) g ::We;_&)“
i ‘[V'l PO N -
(©EDS 1 | () EDS2
ey ) Cu 925 ‘ gu'1215.7
Debris. ., Cl1.8 0:108
H accumylation g;“fo . [ cr1o
Wire C / ¢ . 2 zone Fe: 0.4 [ £
Jeas gl - (Wt.%) T | (wt.%)
II _1___owma | {,qﬂ.ﬂ‘“}_,;;

Table 6 Hot worn morphology of the contact tube and interface compositions for wire A, wire B and wire C. Test
conditions: 7T = 450 °C, feeding time of wire = 3 h, feed speed of wire = 12 m/min, flow rate of 100% CO, shielding

gas = 20 L/min

Microzones compositions of the contact
Worn morphology of the contact tube

Wires tube
type  Macroscopic worn  Microscopic worn Point 1 Point 2
morphology morphology composition composition
: % “é— Wear gebris’ | ©@eost | (d)EDS2 ‘
THe (C:uv 855 Fe:356 |
M 2 7.7 : C:23.85
Wire = R s
Fe:1.7 S:08
A (wt.%) ‘H (Wt.%)
W | W 1Y
(©)EDS1 | @epsz
Cle e85 Cu:816
. C:78 3
Wire i
B (%) o)
: . i
(d) EDS 2
© i[ji;a 2 c:386
. C:252 8&‘;2%,5
Wire 0:10.2 Fe. 16
tros cros
C j (wt. %) . ‘ (Wt.%)
B [|
2] :l:
;X;‘\’, " 3 ,hj 2AdC)
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Table 7 Worn morphology of the contact tube and interface compositions for wire A, wire B and wire C during welding.
Test conditions: I = 280-320 A, U = 33-36 V, welding speed = 45 cm/min, extension length of wire = 20 mm, DCEP,
feeding time of wire = 3 h, feed speed of wire = 12 m/min, flow rate of 100% CO, shielding gas = 20 L/min

Worn morphology of the contact tube

Microzones compositions of the contact

Wires tube
type  Macroscopic worn  Microscopic worn Point 1 Point 2
morphology morphology composition composition
= :' I‘ e | 1dl:ies‘r\‘lgr “ i (c)EDS 1 2511582291 "’" i (d) EDS 2
I 3 " o C: 850 ™" Cu: 93.41
. | Cu:. 7.58 lC:): 414658
Wire e " 046
- Mn: 2.10 Jr s (Wt.%)
Si:1.71 o
A | Car0.94 |
et (WE%) . ™ .. |
r u.w'w Aw-.-,vﬁ:pM;: L;‘{‘ ‘-‘T‘. o X ,’7 . e e
! (c) EDS 1 e ’ n}u (d)EDS 2
= . Cu: 86.07
. - g: 1?6%7 g;sggs
Wire i ] ‘ &
) || wt%) ‘ (Sv:v:)‘;/f)" o
B ,‘ J
1 A L o cm el B i\
(d)EDS 2
C:142
Wire . gi. ?%g
: Cu: 10.7
P Fe: 1.8
- 8:02
C L (Wt.%)

were present on the worn surface of the contact tube for wire A.
The EDS results showed that the bulk portions were composed
of iron oxides. The worn surface of the contact tube for wire B
was rough. The inner surface of the contact tube was covered
with various furrows. The compositions of these furrows were
Cu, O and Fe. Lots of debris were present on the worn surface
of the contact tube for wire C. The EDS results showed that the
debris was composed of Cu and O. This debris was attributed to
the oxidative wear of the contact tube.

3.3 Worn Morphology of the Contact Tube under Different
Heat Inputs

Table 8 shows the worn morphology of the contact tube and
interface compositions under different heat inputs. It was found
that graphite, CuO and iron oxides were present at the smooth
zones of the contact tube. When the heat input was 4200 J/cm,
most of the inner surface of the contact tube was relatively
smooth. Graphite and oxide films reduce contact tube wear.
Bits of adhesive bulk material and globular pits were found on
the surface. Several cracks existed among the bulk specimens.
When the heat input was 6072 J/cm, several parallel furrows
and bulk material existed at the inner surface of the contact
tube. When the heat input was 9114 J/cm, the contact tube wear
was relatively severe. The surface was covered with lots of
furrows, adhesive bulks and debris. These furrows were
composed of Cu and C. When the heat input was 11,760 J/
cm, the contact tube wear was the most severe. Adhesive bulk
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materials were observed at the rough surfaces of the contact
tube. The main compositions of furrow were Cu, C, O and Fe,
which are consistent with the typical features of arc ablation.

4. Analysis and Discussion

4.1 Effect of Temperature on the Wear Mechanisms
of Gontact Tube

The contact form includes sliding friction and coating
lubrication for the welding wire against the contact tube at
room temperature. The contact tube is affected by normal
forces and shear forces during the test. With the feeding of
welding wires, these forces change dynamically. When the
alternating stress increases to a value greater than the endurance
limit of the contact tube, fatigue cracks occur and propagate.
Some debris is peeled off from the inner surface of the contact
tube. These debris are unevenly distributed at the rubbing
interfaces. As shown in Table 5, lots of debris were distributed
at the cold worn surface of the contact tube for wire C. Some
microcracks existed within the bulk materials, demonstrating
the typical features of fatigue peeling. Therefore, fatigue
peeling is the dominant wear mechanism of the contact tube at
room temperature.

As observed in Fig. 4, compared with the cold wear rate, the
hot wear rate of the contact tube is slightly increased. When the
contact tube temperature is approximately 450 °C, layers of

Journal of Materials Engineering and Performance



Table 8 Worn morphology of the contact tube and interface compositions for the wire A under different heat inputs.
Test conditions: I = 150-350 A, U = 20-36 V, welding speed = 30-45 cm/min, extension length of wire = 20 mm, DCEP,

welding time = 1 h, flow rate of 100% CO, shielding gas = 20 L/min

Microzones compositions of the contact

Heat Worn morphology of the contact tube
) tube
inputs, . ; ; : :
iy Macroscopic worn  Microscopic worn Point 1 Point 2
cm
morphology morphology composition composition
@ ) Y (c)EDS1 (d) EDS 2
e Cusrer
i 564 L : 1756
4200 v 551 - S
K 232 i (%) "
A 174 L. s
(Wt%) . .
— mAm — ...‘ — L. — L. —
= (EDS1 ¢ (EDS2 C: 3597
C:30.57 Cu: 31.57
s Cu: 28.47 Fe: 15.00
. Fe 1030 . (| wosm
6072 e l s
. (Wt.%)
.JJMm.“ lAll _AL‘LJI i add "
(©)EDS1 . " @EDS2 o cus227
Cu: 79.46 " C: 17.68
C:10.73 0:10.26
- O: >4.57 - Fg: 957
9114 Crds .| Staor
o (Wt.%) ™ Iy (Wt.%)
il \ _ M. “ I
(c) EDS 1 (d)EDS 2
Cu: 63.48 Fe: 3879
C: 1856 0:23.01
R 0:1037 . €:2039
11760 & Sias
" o ! (Wt.%)

oxide films form on the inner surface of the contact tube (Ref
16). These oxide films can avoid the direct contact of the
welding wires against the contact tube; thus, the contact tube
wear is reduced. The oxide breaks up when the oxide thickness
reaches 1 to 3 um. The oxide becomes debris at the real contact
points temperature, thus leading to oxidative wear (Ref 17).
When oxidative wear occurs, the contact tube endures severe
thermal softening and plastic deformation. In such cases, the
wear rate of the contact tube is increased (Ref 18). Based on a
theoretical wear rate formula (Ref 19) (formulas 4), the
oxidative wear rate of the contact tube (wr) is proportional to
the contact tube temperature (7).

9,
dA, exp (— #) (Eq4)
WT="23 22y !
&p oV
where wr is the oxidative wear rate of the contact tube; d is the
sliding distances of the wire; A, is the Arrhenius constant for
parabolic oxidation; @, is the oxidation activation energy for
parabolic oxidation; R is the molar gas constant; 7, is the
contact tube temperature; A is total real contact area; ¢ is the
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thickness of the oxide films; pq is the density of the oxide films;
fo 1s the mass fraction of the oxide films; and V is the feed speed
of wire.

Meanwhile, the debris compositions are influenced by the
contact tube temperature. Due to the high-temperature oxida-
tion of the debris, the debris is composed of Fe;,O3; when the
contact tube temperature is less than 200 °C. When the contact
tube temperature is greater than 200 °C, the debris is composed
of Fe;04 (Ref 20). As depicted in Table 5 and Table 6, there
was little oxide at the inner surface of the contact tube at 20 °C.
This debris was composed of copper. The inner surface of the
contact tube at 450 °C was covered with iron oxides. The
Fe;0,4/Fe,05 ratio also increases as the contact tube temper-
ature increases (Ref 21). Fe30,4 has a cubic crystalline structure
which is easy to shear, so the contact tube wear is reduced. The
thinner Fe, O3 films are less stable, thus leading to the loss of
metal adhesion (Ref 22). In view of the lubricating property of
oxides, the lubricating property of Fe;O4 outperforms that of
Fe,O53 (Ref 14). The effect of Fe,O3 oxide on the oxidative
wear of contact tube is significantly worse than that of Fe;O,4
oxide.

Volume 28(5) May 2019—2795
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Fig. 7 Mechanism of arc ablation at the rubbing interfaces between the contact tube and the non-copper-coated solid wire when current passes

the contact peaks

The hardness of the contact tube surface is mitigated with
increasing temperature (Ref 23). The softer inner surface of the
contact tube is constantly sheared by the harder microconvex
body at the wire surface. The real contact areas are approxi-
mately 0.01-0.1% of the apparent areas at the rubbing
interfaces. When the distance between two contact peaks is
about 1 nm, strong short-range van der Waals forces must be
considered. Strong adhesive junctions may be formed at the
real area of the contact. These adhesive junctions are sheared
and produce bulk particles or wear debris at the inner surface of
the contact tube (Ref 24). Adhesive bulk particles and debris
covered the inner surface of the contact tube for all wires
studied, which demonstrates the typical features of adhesive
wear. According to the Archard wear model (Ref 25), the
adhesive wear rate of the contact tube is proportional to the load
at the contact and is inversely proportional to the hardness of
the contact tube. In some degree, the adhesive wear rate of the
contact tube is increased with the contact tube temperature.

When there is little lubricant at the rubbing interfaces, the
contact tube is constantly sheared by harder microconvex
bodies at the wire surface. Meanwhile, the generation rate of
furrows is greater than that of the oxide films, causing the oxide
films to break up. The debris can be peeled off from the surface
layers. In general, some hard particles are embedded into the
rubbing interfaces due to several extrinsic factors, thereby
forming three-body abrasive wear (Ref 26). These abrasive
particles induce high contact stresses between the tribological
pairs surface. The inner surface of the contact tube is plastically
deformed or fatigued. The furrowing effect of abrasive particles
leads to visible grooves. As seen in Table 6, a lot of furrows
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Fig. 8 A wear map of the contact tube for non-copper-coated solid
wire at different contact tube temperatures and welding currents

were present at the inner surface of the contact tube for wire C,
which demonstrates the typical features of adhesive wear.
Consequently, the main wear mechanisms of the contact tube at
450 °C are oxidative wear, adhesive wear and abrasive wear.
The worn morphology of the contact tube for wire B was
very severe at the welding conditions. The inner surface of the
contact tube for wire B was covered with various furrows. The
accumulated debris appeared at the edge of globular pits, which
demonstrates the typical features of arc ablation. As depicted in
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Table 7, debris and adhesive bulk particles were present on the
worn surface of the contact tube for wire A. Therefore, the
primary wear mechanisms of the contact tube during welding
for non-copper-coated solid wires are abrasive wear and arc
ablation. Oxidative wear is the dominant wear mechanism of
the contact tube for copper plating wires.

4.2 Effect of Heat Input on Wear Mechanisms of the Contact
Tube for Non-copper-Coated Solid Wires

The wear properties of contact tube are directly influenced
by the heat input from four respects as follows: 1) the heat
radiation from the arc and molten pool; 2) the feeding speed of
the wire; 3) the Joule heat of the current generated at the sliding
contact; and 4) the arc ablation effect created by the shunting
action of the current. The heat effect of the arc is strengthened
as the welding current increases. As a result, the peak
temperatures of the arc and molten pool escalate. The effect
of the heat radiation from arc and molten pool on the contact
tube is enhanced, thus the contact tube temperature rises. For
CO, gas shielded arc welding, the arc peak temperature varies
linearly from 1.5 x 10* °C at 100 A to 2.6 x 10* °C at 300 A
(Ref 27). The peak temperature of the arc is proportional to the
arc length. The effect of heat radiation from the arc on contact
tube is raised. For the CO, gas shielded arc welding machine,
the feeding speed of welding wire is proportional to the welding
current. The contact frequency of the wire against the contact
tube increases with the current. Fatigue peeling is more
distinguished. The amount of debris and bulk particles
increases at the inner surface of the contact tube. Therefore,
the wear rate of the contact tube is increased. However, with
regard to the wear rate of the contact tube during welding, the
effect of mechanical friction on the wear properties of the
contact tube is limited.

For non-copper-coated solid wires, the contact resistance is
approximately 12 mQ at the sliding contacts. The summation
of the Joule heat power is about 216 W (Ref 28). This resistive
heat is found to be responsible for the increase of the contact
tube temperature. Furthermore, this resistive heat increases
rapidly as the welding current increases. The contact tube
temperature then rises, which leads to severe oxidation wear.
The lubricating effect of the coatings is weakened. The
probability of abrasive wear of the contact tube is escalated.
In terms of the wear rate of contact tube during welding,
however, the effect of the contact tube temperature on the wear
properties of contact tube is limited. In such cases, the contact
tube temperature rise is generated by the Joule heat of the
current and thermal radiation of the arc and molten pool.
Consequently, the effect of the heat input on the contact tube is
mainly the arc ablation effect. The arc ablation effect is induced
by the shunting action of the current.

The contact resistance of the rubbing interfaces is composed
of the parallel connection of each contact resistance (Ref 29).
The shunting phenomenon of the current appears at the contact
peaks. The contact areas and forms of the sliding contacts are
continually varied during welding. These observations are due
to differences in the current through the contact peaks, based on
the differences in the resistance of the contact peaks. Figure 7
shows a sketch of arc ablation at the rubbing interfaces. When
the current is relatively high, the gas gap between two contact
peaks is broken down into current passage by a strong electric
field. Therefore, a gas discharge is created at the rubbing
interfaces. Arc discharge is produced at a lower voltage drop
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between the contact peaks. Discharge zones emerge at the inner
surface of the contact tube (Ref 30). Shearing cracks are
induced at the discharge zones because of the effects of normal
forces and shear forces. With the sliding of wire, these
substances are separated from the contact tube due to fatigue
peeling. Simultaneously, the arc heat directly leads to the heat
damage of wear debris. These debris accumulate around the arc
craters (Ref 31). In addition, the wear rate of the contact tube is
approximately linearly correlated with the arc energy. The
increase in the normal force can prevent arc discharge and
reduce contact tube wear (Ref 32).

The number of arc craters increases with an increase in the
heat input. When the current is less than 280 A, the shunting
current is low at the contact peaks. The system cannot attain the
conditions of arc discharge. In such cases, fatigue peeling,
oxidative wear and abrasive wear are the primary wear
mechanisms of the contact tube for non-copper-coated solid
wires. When the current increases to values greater than 280 A,
the shunting current at the contact peaks is high. Arc discharge
arises under certain conditions, thereby worsening the state of
the contact tube. The dominant wear mechanisms of the contact
tube are abrasive wear and arc ablation for non-copper-coated
solid wires.

Based on the analysis of different wear mechanisms, a
contact tube wear map of non-copper-coated solid wires is
established (Fig. 8). The wear map expresses the correlation of
the contact tube wear mechanisms with the contact tube
temperature and the welding current. The wear map of the
contact tube is divided into three zones for non-copper-coated
solid wires. The contact tube is transformed from ultra-mild to
severe wear in these zones. The primary mechanisms of the
contact tube wear are as follows in areas of ultra-mild wear,
mild wear and severe wear.

* TFatigue peeling and oxidative wear
e Adhesive wear and abrasive wear
e Abrasive wear and arc ablation

5. Conclusions

(1) Compared with non-copper-coated solid wires used dur-
ing welding, the contact tube temperature of the copper
plating wire was lower. The wear rate of the contact
tube was increased with an increase of the contact tube
temperature. The main wear mechanism of the contact
tube was fatigue peeling at room temperature. Adhesive
wear, oxidative wear and abrasive wear were the domi-
nant wear mechanisms of the contact tube at 450 °C.

(2) The wear rate of the contact tube during welding was
significantly greater than its cold and hot wear rates.
The wear rate of the contact tube escalated as the heat
input increased for non-copper-coated solid wires. When
the heat input was 9114 J/cm, the wear mechanisms of
the contact tube were converted from oxidative wear to
arc ablation for non-copper-coated solid wire.

(3) The primary wear mechanisms of the contact tube for
non-copper-coated solid wire were fatigue peeling and
oxidative wear at the ultra-mild wear zone, adhesive
wear and abrasive wear at the mild wear zone, abrasive
wear and arc ablation at the severe wear zone.
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