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Zirconium-steel cladding

Zirconium has excellent corrosion 
resistance to acid, alkali and a 
variety of metal fluids. It has su-

perior corrosion resistance to niobium, 
titanium and some other metals in cer-
tain corrosive mediums, which makes 
it suitable for corrosive media where 
titanium is not. [1] 

Zirconium has, therefore, found 
more and more application in modern 
petroleum and chemical industries. 
However, zirconium is among the more 
expensive metals, which means the cost 
of pressure vessel manufacturing using 
full-thickness zirconium plate would be 
extremely high, especially for large scale 
high temperature and pressure equip-
ment, prohibiting its widespread use. 

On the other hand, zirconium-steel 
composite plate becomes an economi-
cally viable material for the manufactur-
ing of such pressure equipment.

In this paper, welding technology 
and inspection characteristics of the 
core equipment – the reactor used 
for the synthesis of acetic acid by the 
method of methanol carbonylation 

This paper from the proceedings of the IIW 2017 International Conference in Shanghai, China, 
describes the development of successful welding techniques for zirconium-clad pressure 
vessels and reactors using narrow gap submerged arc welding, gas tungsten arc welding 
and some shielded metal arc welding.

Parameters Value
Design pressure 3.3 ±0.1 MPa
Design temperature 210 ±12 °C
Operating pressure 2.9-3.1 MPa
Operating temperature 185-195 °C 
Medium CO, methyl alcohol, acetic acid, catalyst 
The body material SA516Gr55 and SB551 R60700
Weld joint factor 1.0
Corrosion allowance 0 mm
Hydraulic test pressure 4.2 MPa
Net weight ~46 396 kg

Equipment volume ~58.1 m3

Equipment water weight ~104 496 kg
Container categories III
Motor capacity 55 kW
Tool speed 88 rpm
Pin tool diameter 101.6 mm
Tool material R60702, R60705

Table 1: The technical parameters of the zirconium clad reactor vessel.

Weld position Weld layer Weld 
method

Weld metal Specification Welding 
current A

Welding 
voltage V

Welding 
velocity cm/min

Welding seam 
on the circular

Root pass (inner) GTAW ER50-6 ∅2.5 110-140 11∼13 8∼15

2∼3 (inner) SMAW J427 ∅4.0 140-180 24∼28 15∼25

Other (outer) NSAW H08MnA+SJ101 ∅4.0/1800∼300 μm 520-620 31∼33 35∼55

Connecting 
pipe and 
cylinder

Root pass (inner) GTAW ER50-6 ∅2.5 110-140 11∼13 8∼15

Other (outer) SMAW J427 ∅4.0 140-180 24∼28 15∼25

Table 2: Welding parameters for the steel base layer.

Figure 1. The dimensions of the reactor 
structure.

Figure 2: The welding of the zirconium and steel composite plate.

Figure 3: The welding scheme for the connecting pipe of small diameter to the 
cylinder.

Figure 4: The welding scheme of the connecting pipe of large diameter to the 
cylinder.
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Lastly, the zirconium cover layer is welded. It is worth 
noting leak detection pipe can be used as the gas flow tun-
nel for the welding of zirconium cover and composite layer. 
Also, it can be designed as the leak protection system for the 
manufacturing of the equipment.
Connecting pipe, head and cylinder
Figure 3 shows the welding scheme for the small diameter con-
necting pipe (∅<219 mm) and the cylinder, both of which are 
made of the zirconium-steel composite plate. Such a structure 
is simple and practical and is flexible for assembly and welding. 
However, the large stress concentration is formed in the joint 
corner of the connecting pipe. It is therefore recommended 
that connecting pipes of small diameters are not used in high 
temperature and high-pressure zones.

Figure 4 shows the welding scheme for the connecting pipe 
of the larger diameter (∅≥219mm) and the cylinder, both of 
which are also made of the zirconium-steel composite plate. 
This structure can avoid the problem of stress concentration 
at the corner of the connecting pipe (as shown in Figure 3), 
and has a good sealing effect. 

However, this structure requires careful grinding of the 
joint of the carbon steel flanges and zirconium flanging, and 
the zirconium flanging requires special processing, which 
increases the manufacturing cost.

 
Welding experiments
During the manufacturing process of the reactor, five welding 
methods including manual gas tungsten arc (GTAW), electrode/
shielded metal arc welding (SMAW), submerged arc welding 
(SAW), and plasma arc welding are used with consideration of 
the material, heat input and lateral shrinkage.
Welding of base layer
The base layer is made of SA516Gr55, which is a low carbon steel 
that has good weldability. The conventional welding methods 
and processes are suitable for this steel. However, due to the 
specialty of the structure and material of the zirconium-steel 
composite plate, it is an important requirement that the heat 
input of the base layer during welding, especially for the joint 
that is adacent to the composite plate, should not be too high. 

In the manufacturing process, the welding preparations of 
the longitudinal and circular welding seams are prepared using 
bevelling machine. The backing GTAW welding pass is initiated 
from the inner side, following by two or three fill layers using 
shielded metal arc welding. The remaining layers are filled from 
the outside using narrow-gap submerged arc welding. With this 
method, the welding heat input is assured to be low and the 
cleaning of the root weld pass with gas gouging is not neces-
sary. Moreover, the lamination of the joint is not badly affected. 

The welding parameters of the steel base layer are listed 
in Table 2.

– are briefly introduced. Moreover, 
some details that should be taken into 
consideration in the fabrication of the 
zirconium-steel composite plate equip-
ment are briefly described.

Technical parameters of the 
reactor
The main technical parameters of the 
reactor are shown in Table 1, while the 
dimensions of the reactor structure are 
shown in Figure 1. 

The main body is made of zirconium-
steel composite plate (SA516Gr55 and 
R60700). The material and dimen-
sion of the top and bottom spherical 
vessel head are SR1653×(32+4.76), 
and the cylinder has dimensions of 
∅3 300×460×(60+4.76) with the stirring 
part as internal components.

Welded joint design
Fusion welding is not suitable between 
zirconium and steel due to a series of 
brittle intermetallic compounds that will 
form in the welded joint. As a highly ac-
tive metal, zirconium is easily embrittled 

by impure elements at high temperature, especially nitrogen, 
oxygen, hydrogen and carbon. Hence, it is difficult to obtain a 
sound welded joint directly by fusion welding [2]. 

At present, the zirconium-steel composite plates are 
widely joined by fusion welding of the steel base layer and the 
zirconium composite layer respectively, this to prevent any 
mutual fusion between the two layers. Firstly, the steel base 
layer is welded. After the post-weld inspection, the zirconium 
composite layer is welded independently.
Longitudinal and circular welding seam on the backing 
plate and cover plate
The welding of zirconium and steel composite plate is prepared 
as follows. 

Dual side protection is applied during welding of the 
longitudinal and circular seam of the composite layer. Firstly, 
welding is performed on the steel base layer. Afterwards, the 
welded seam on the base layer is ground until flush with the 
base layer and an inspection is performed on the welded seam. 

Sequentially, the zirconium backing plate, which is also the 
cover layer, is placed, with the bottom surface firmly covering 
the top surface of the composite layer (in the middle), as shown 
in Figure 2. Welding on the composite layer and sequential 
inspection is then performed. 
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Position Layer Method Weld metal Wire Current (A) Voltage (V) Speed Gas flow (ℓ/min)
Long & circ welds on 
backing plate & comp  layer

1 GTAW ERZr2 ∅2.4 120∼160 11∼13 8∼15 Main 8∼12; Side 
30∼50; Back 3∼5 

Long & circ welds on root 
cover and composite passes

root GTAW ERZr2 ∅2.4 110∼150 11∼13 8∼15 Main 8∼12; 
Side 30∼50; Back 3∼5 

- cover GTAW ERZr2 ∅3.2 140∼180 11∼13 8∼15 

Long weld on the zirconium 
cylinder

1 PAW ERZr2 ∅1.2 150∼160 26∼28 20∼22 Ionic gas 8; Tail 
30∼50; Back 25∼45;

Connecting pipe backing & 
comp layer backing ring

root GTAW ERZr2 ∅2.4 110∼150 11∼13 8∼15 Main 8∼12; 
Side 30∼50; Back 2∼3 

- cover GTAW ERZr2 ∅3.2 140∼180 11∼13 8∼15

Steel & zirconium 1 GTAW AG ∅2.0 90∼120 11∼13 8∼15 Main 10∼15

Table 3. Welding parameters for zirconium composite layer, cover plate, connecting pipe and cylinder on the reactor.

Figure 5. The welding and formation quality of the longitudinal welding seam.

The welding bevels for connecting 
pipes on the cylinder are machined 
using floor type boring and milling 
machine. The root pass is finished by 
manual GTAW with subsequent passes 
being completed using SMAW. The pro-
cess is not complex. After welding of the 
base layer, X-ray and ultrasonic inspec-
tion are performed on the welding joint. 
The entire weldment is then transferred 
into the furnace for heat treatment. 

The high temperature during heat 
treatment reduces the peel strength of 
the composite plate and the surface of 
the composite layer gets over-oxidised. 
With the design and related specification 
being required, the holding temperature 
should be low and the holding time 
should be as short as possible. 

Also, the inner should be cleaned be-
fore the heat treatment, and at least two 
layers of titanium-based high tempera-
ture coating are necessary on the inner 
wall. The heat treatment specification 
for the reactor is 580 °C for three hours.
Welding of composite layer
The inner composite layer is commonly 
made of ZR 700, R60700, while the back-
ing plate and cover plate are still made of 
R60702. Compared with R60702, R60700 
has the similar welding ability and cor-
rosion resistance but the oxygen content 
and the strength are slightly lower. It 
can be directly explosion welded with 
low carbon steel. The titanium is usually 
added as the interlayer between R60702 
and carbon steel to produce the zirconi-
um-steel composite plate [3]. Zirconium 
is very active at high temperature and a 
series of brittle intermetallic compounds 
will form in the welded joint due to air 
absorption, especially due to oxygen. 
The welded joint will be embrittled. 

The corrosion resistance and the 
machining property can also be affected. 
Therefore, in order to prevent gas pol-
lution during welding, it is necessary to 

shield the weld joint using purging de-
vices. Pure argon (99.99%) is used in the 
high temperature zone (≥400 °C) of the 
weld joint and the weld seam is rapidly 
cooled. The impure elements, especially 
carbon, can greatly affect the corrosion 
resistance of the weld seam. When there 
is a small amount of carbon (>0.05%), 
the corrosion resistance will be drasti-
cally reduced. Therefore, it is necessary 
to clean the oil and other contaminants 
on the surface of the welding part, to 
prevent contamination [4]. 

The welding parameters for the 
zirconium composite layer, cover plate, 
connecting pipe and cylinder on the 
reactor are shown in Table 3. The weld-
ing quality of the zirconium composite 
layer is related to the long-term safe op-
eration of the equipment. The welding 
processes are introduced as per Table 3.

While welding between the back-
ing plate and composite layer, welding 
gaps should be as even as possible 
and must be between 1.0 and 2.0 mm. 
If it is smaller than 1.0  mm, it cannot 
guarantee the design requirements of 
the welding depth of 2.0 mm. Otherwise 
the base metal will melt and cause hot 
cracking in the weld seam. If it is difficult 
to control the welding gap precisely, it is 
better to let the welding gap be as small 
as possible. Meanwhile, a 1.0 mm ×45° 

groove is machined into the backing 
plate so that the reinforcement of weld-
ing between the backing plate and the 
composite layer is small. This can also 
ensure welding penetration of 2.0 mm 
according to the design requirements.

For the welding between cover plate 
and composite layer, there is always 
misalignment in the longitudinal and 
circumferential welding seam in the 
cylinder. Hence the gap between the 
welding seam of the cover plate and the 
composite layer is different. When the 
pair of cover plates is mounted, the gap 
should be even and as small as possible. 

Two welding passes are performed, 
in which the arc ignition and arc blow 
out locations are staggered. The first 
welding pass is performed using a weld-
ing wire of ∅2.4 mm. A small amount of 
filler wire, which assures the full penetra-
tion of weld leg, is used. 

The second welding pass is per-
formed using a welding wire of ∅3.2 mm. 
The weld fill is normally finished when 
the size of the weld leg is big enough. 
Figure 5 shows the welder is operating on 
the cover plate and composite layer and 
the forming quality of the weld. 

It is worth noting that the high-
purity argon in the leak detection pipe 
can replace the air at the back of weld-
ment to prevent contamination. While 
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Zirconium-steel cladding

Weld seam and HAZ Argon protection condition Qualified judgment Treatment 
Silvery white Good Qualified Not necessary 
Golden yellow (dense) Acceptable Qualified Not necessary 
Blue A little bad Only acceptable in non-critical areas Remove the blue 
Grey Bad Not qualified Repair

Table 4: The colour requirements of the zirconium weld seam and HAZ.

Figure 6. GTAW and plasma welding being applied to the sleeve joint.

Figure 7. The welding of small diameter-connecting 
pipe and backing rings in the argon gas box.

Figure 8: The thermal cycle curve.

welding, high temperature resistance 
tape is pasted in the zone that is not yet 
welded. With the welding continuing, 
the tape is torn off. With this method, a 
relatively closed space is formed at the 
back the protection area.

The zirconium sleeve of the small-di-
ameter connecting pipe can be obtained 
directly by purchasing straight tube. 
When the diameter of the connecting 
pipe is larger than 273  mm, however, 
the zirconium sleeve will have to be coil 
welded from sheet. The thickness of 
sleeve is generally 3-4.76 mm, otherwise 
it is difficult to operate the coiling or ob-
tain good weld quality. In these experi-
ments, the thickness of the zirconium 
sleeve used is 4.76 mm. 

Zirconium is a work hardening ma-
terial and has poor ductility. To prevent 
cracking of the longitudinal seam during 
straightening, the pressure head should 
be machined to assure the arc of the end 
during the coiling of zirconium sleeve. 
Meanwhile, flanging (flare) can be easily 
formed in both ends. 

In order to ensure the quality of 
bonding, a margin of 8.0×2.0 mm is left 
at both ends of the sleeve. After coil 

welding of sleeve, the inspection is car-
ried out and the margin is removed if the 
qualified weld joint is obtained. 

The gap between the zirconium 
sleeve and the carbon steel connect-
ing pipe is generally required to be less 
than 0.5  mm. In order to ensure the 
dimension, the actual outer diameter 
of the sleeve, L is measured after the 
shaping of the sleeve. Afterwards, the 
matching inner diameter (L/π+1) of the 
carbon steel connecting pipe is shaped. 
Using this process, the matching gap of 
the connecting pipe and sleeve, which 
is difficult to control due to the lateral 
shrinkage caused by longitudinal weld-
ing of zirconium sleeve, is adjusted.

For the longitudinal joints of zirco-
nium connecting pipe (t=4.76 mm), the 
plasma arc welding method is applied 
on the designed straight groove with no 
gap. These technological schemes can 
reduce the lateral shrinkage of welded 
joints and the residual deformation and 
guarantee good fitting of the sleeve with 
the carbon steel flange. Figure 6 shows a 
cross-section being welded using GTAW 
and plasma arc welding.

For some small diameter-connecting 
pipe and the backing ring, the overall 
temperature of the workpiece rises rap-
idly on starting to weld because of its 
small size. As a result, the weld protec-
tion is very difficult. In the production 
process, these small parts are welded 
in an argon box that offers protection 
and solves the problem. This is shown 
in Figure 7.

In order to ensure that the zirconium 
flange backing and the carbon steel pipe 
are tightly matched, the quality of car-
bon steel pipe grinding should be strictly 

controlled. In the installation, the bolts 
are used to tighten the parts to ensure 
the installation.

The inner parts are made of zirco-
nium and are mostly structural parts. 
Due to the complex structure, it is dif-
ficult to protect these during welding. 
The corresponding protective covers 
are designed according to the shape 
of the workpiece. The requirements of 
the related welding quality are not as 
strict as that of other main parts, that 
is, some local welding zones may appear 
as blue. Still, the welding quality is very 
important thus the welders must care-
fully adhere to the welding procedure.
GTAW of the carbon steel base layer 
and zirconium composite layer
In order to ensure the seal space re-
quired for helium leak detection, seal 
welding between the carbon steel 
flange parts and the zirconium rings 
is performed. Here the sterling silver 
wire (99.99%) was selected and the 
conventional GTAW welding machine is 
used to perform welding. The welding 
processes used are listed in Table 3. After 
completion of the welding, a colour test 
is performed on all the zirconium welds 
and the heat affected zone. 

The weld is qualified and will be 
processed according to the instructions 
in Table 4 [5]. 100% of butt welds of the 
composite layers are subject to the X-ray 
radiation and penetration testing. No 
pores can be found for a Grade I weld 
quality to be obtained. 100% of fillet 
welds are subject to the colouring test. 

Equipment inspections
It is not enough to judge the quality 
of the equipment only by the non-de-
structive testing of the weld. It is also 
necessary to evaluate the quality of the 
equipment by means of subsequent 
inspection. The test methods and results 
used in this reactor are as follows.

Pressure and air tightness test: 
According to the design requirements, 
after the riveting of the equipment, the 
water pressure and air tightness test 
are performed. The test pressures are 
4.2 MPa and 3.3 MPa. There must be no 
leakage, no visible deformation and no 

abnormal sound during the test. The 
equipment can then be is qualified.

Thermal cycling test: The thermal 
expansion coefficient of zirconium, 
which is 5.3×10-6 per °C, is much lower 
than that of low carbon steel, which is 
11.12×10-6 per °C. As the temperature 
of the reactor rises, the zirconium 
composite layer will bear large tensile 
thermal stress. 

The welds on the zirconium com-
posite layer are mostly overlapped 
fillet welds with low load carrying ca-
pacity. Thermal cycling tests can test 
the thermal stress-bearing capacity of 
zirconium composite welds under the 
non-corrosive media at designed tem-
perature and pressure [6]. The reactor 
was subjected to a thermal cycle test 
with a pressure of 3.3 MPa and a tem-
perature of 210 °C in an electric furnace 
with compressed air as a medium after 
the water pressure and air tightness 
test. Testing temperature and pressure 
are shown in Figure 8. As the testing 
pressure and temperature are reached, 
the equipment is held in the testing 
conditions for four hours. If there is no 
leakage and abnormal deformation, the 
equipment is qualified.

Nuclear leak detection: Acetic acid, 
iodomethane and other reaction liquids 
are strong corrosive mediums for the 
reactor. As there is a steel layer barrier, 
they cannot be observed immediately 
once they are leaking from a weld. The 
strong corrosive media can, therefore, 
cause the corrosion of the steel base 
very quickly, with the possibility of seri-
ous accidents on the pressure vessel 
occurring. 

The fillet welds on the zirconium 
composite layer have low carrying ca-
pacity and the weld quality is difficult to 
guarantee. Generally only non-destruc-
tive testing can be performed on the 
surface, while it is difficult to detect the 
flaws by using radiation or ultrasound. 
Pressure tests cannot ensure that the 

layer does not leak even if the shell does 
not leak. The leak tests are therefore 
very important [7]. During the reactor 
manufacturing process, two helium leak 
tests are performed. 

For the first time, all zirconium-weld-
ed joints were tested with helium pres-
sure of 0.05 MPa. The design requires 
that the leakage rate shall not exceed 
1×10-5 Pa.m3/s. The experimentally mea-
sured value is 1.3×10-7 Pa.m3/s. 

For the second test, helium leak 
detection was carried out after the 
thermal cycling test on all zirconium-
welded joints with helium pressure 
of 0.05  MPa. The measured value of 
5.6×10-7  Pa.m3/s was obtained,, which 
was much lower than the design require-
ment of ≤1×10-5 Pa.m3/s.

Conclusions
In summary, the welding difficulties of 
the zirconium-steel composite plate 
reactor that result from the complexity 
of the structure and material are solved. 
Some effective process control mea-
sures and testing methods were studied 
and identified and the excellent welding 
quality of zirconium-steel composite 
plate can now be obtained. The reactor 
studied here has been safely in service 
for six years.
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