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Abstract 

Ames Laboratory has successfully used plasma sprayed ceramic components made from yttria stabilized 
zirconia as melt pouring tubes for gas atomization for many years.  These tubes have proven to be strong, 
thermal shock resistant and versatile.  Various configurations are possible both internally and externally.  
Accurate dimensions are achieved internally with a machined fugitive graphite mandrel and externally by 
diamond grinding.  The previous study of the effect of spray parameters on density was extended to 
determine the effect of the resulting density on the thermal shock characteristics on down-quenching and 
up-quenching.  Encouraging results also prompted investigation of the use of plasma spraying as a 
method to construct a melt pour exit stopper that is mechanically robust, thermal shock resistant, and not 
susceptible to attack by reactive melt additions. 

Introduction 

The Ames Laboratory operates two close-coupled high pressure gas atomizers.  These two atomizers are 
designed to produce fine and coarse spherical metal powders (5µ to 500µ diameter) of many different 
metals and alloys.  The systems vary in size, but generally the smaller atomizer can produce up to 5 kg of 
powder whereas the larger can produce up to 25 kg depending on the charge form and density.  In order to 
make powders of such varying compositions, it is necessary to have melt systems capable of heating and 
containing the liquid charge to the desired superheat temperature prior to pouring through the atomization 
nozzle.  For some metals and alloys this is not a problem; however for some more reactive and/or high 
melting materials this can pose unique challenges.  Figure 1 is a schematic that illustrates the atomization 
system and its components. 



 

Figure 1. Schematic of close coupled gas atomization system. 

 

The entire system is contained in a stainless steel vacuum chamber.  The metal charge is heated in a 
crucible by an induction heater.  The crucible may be made of Alumina (Al2O3), Zirconia (ZrO2) or 
graphite.  The crucible has a hole in the bottom through which a pour tube is inserted.  This pour tube 
guides the molten metal through the atomization gas nozzle where the stream is broken up into droplets.  
The pour tube can be made of different materials depending on the desired characteristics.  Most often 
they are made of plasma sprayed 8% yttria (by weight) stabilized zirconia (YSZ) or a composite tube 
made of YSZ with a yttria liner layer.  Pour tubes may also be made of graphite or boron nitride.  It is of 
extreme importance that the pour tube be constructed of a material that is robust enough to resist the 
thermal shock situation created by the introduction of molten metal to the tube that may be several 
hundred degrees Celsius above the temperature of the pour tube.  Another attribute that is crucial is 
resistance to attack or wear by the melt and possible reactive melt additions.  This is one of the challenges 
with close coupled atomization.  The pour tube will be discussed in further detail later on.  A stopper rod, 
which is a long cylindrical tube with a round end, is positioned over the opening of the pour tube to 
prevent the liquid from entering the pour tube until the desired time and temperature of the bath is 
reached.  When the conditions are reached for atomization, the stopper rod is lifted allowing the material 



to flow.  The inside of the stopper rod is where the melt temperature sensing thermocouples are located.  
The stopper rod is generally made from hard-fired alumina (Al2O3) or a composite that will be discussed 
in detail in the procedure section.  Figure 2 shows a typical Ames Lab ceramic melt system.  Bonding of 
the stopper rod to the pour tube has been observed in runs where the melt temperature exceeds 1725°C.  
This is detrimental to the atomization experiment in many ways, including possible loss of the 
atomization trial (melt must be cooled and solidified in the crucible) due to inability to pour the charge, 
and also damage to the system caused by the stopper rod lift actuator lifting the entire melt system, and 
dropping it.  Such damage can be dangerous, and costly to repair. 

 

   

Figure 2. Typical Ames Lab ceramic melt system including crucible, pour tube, stopper rod and 
atomization gas nozzle 

 

The gas nozzle is a very important part of the atomization system.  While the aspect of nozzle design is 
outside the scope of this paper, it important to understand generally how the atomization gas nozzle 
functions.  Figure 3 shows a close-up cross section view of the nozzle.   



 

   

Figure 3.  Close up cross section view of atomization gas nozzle showing nozzle insert, nozzle angle and 
matching condition. 

 

The gas nozzle consists of a manifold area that directs the gas through several exit holes that are in very 
close proximity to the melt pour tube exit.  The angle at which these holes are oriented with respect to the 
center bore is referred to as the nozzle angle, which is equivalent to the gas jet apex angle (a°).  This angle 
can be varied to produce different results.  14°, 45° and 30° are common angles used at Ames Laboratory 
for powder production.  Another important part of the nozzle is the nozzle insert.  This piece is inserted 
between the gas nozzle and the melt pour tube to guide the gas to the end of the pour tube and to maintain 
the integrity of the pour tube exit.  This piece helps to maintain a matching condition, as explained in 
figure 3.  When the gas jet apex angle (nozzle angle) matches precisely with the nozzle insert, it makes a 
clean, precision edge for the gas stream to traverse until it makes first contact with the molten film at the 
periphery of the pour tube and starts primary breakup of the liquid metal.  If this is not precisely matched, 
it is referred to as an interference condition.  An interference condition can change the powder size 
distribution of the atomization run, typically making it coarser.  Once the liquid passes through the gas 
nozzle and is broken into droplets by the atomization gas, the droplets solidify and pass through a series 
of powder collection chambers designed to separate the powders from the gas stream.  The gas is 
exhausted through a wet scrubber and the powders are held in cans for collection.  This paper will focus 



on the plasma sprayed components that have been developed to address the need for a suitable pour tube, 
and the need to prevent the stopper rod from adhering to the pour tube. 

Experimental Procedure 

Plasma sprayed YSZ pour tubes have been used successfully at Ames Laboratory for over 20 years.  They 
exhibit the characteristics necessary for a robust melt pouring tube.  They provide excellent thermal shock 
resistance.  They are machinable on the outside by diamond grinding.  Machinability is an important 
consideration because several specific outside dimensions exist that are critical for proper alignment and 
placement of the tubes in the atomizer.  Different atomizer configurations will require tubes of different 
lengths and geometries.  The plasma sprayed YSZ performs well with many alloys.  Table 1 lists some of 
the alloys that have been atomized using plasma sprayed pour tubes.  Another desirable quality is the 
operational temperature range.  The upper operational temperature from the manufacturer specifications is 
2000°C, and 2500°C has been achieved experimentally.  [1] 

 

Table 1.  Materials atomized with plasma sprayed YSZ pour tubes. 

Materials Atomized With YSZ  Pour Tubes: Approximate Temperature Range  ( °C ) 

Iron and Iron Alloys 1650 – 1750 + 

Nickel;  Nickel-Based Superalloys 1550 - 1650 

Aluminum;  Aluminum Alloys 800 - 1300 

Copper;  Copper Alloys 1100 - 1650 

Rare Earth-Containing Alloys 1200 - 1750 

 

 

The monolithic tubes are fabricated by plasma spraying the YSZ onto a fugitive graphite mandrel.  The 
machined graphite mandrel contains all of the internal features that are desired for the inside of the part.  
Using this method, it is possible to make geometries inside the tube that would not be possible to machine 
in after fabrication (See Figure 4).  Once the rough outer shape is obtained, the tube can be machined in a 
lathe with a tool post grinder and a diamond wheel to the necessary outside dimensions.  This work is 
performed by skilled machinists at the Ames Laboratory Engineering Services machine shop.  Once the 
tube has the proper outside dimensions, it is placed in a box furnace in air and heated to 900°C for several 
hours.  This heating procedure is required to burn out any remaining graphite not removed during 
machining.  After the burnout procedure a clean, finished ceramic part is left. 



 

 

Figure 4:  Examples of graphite mandrels for plasma spraying pour tubes.  Some mandrels are simple; 
others contain intricate features that will end up in the final internal dimensions of the tube. 

 

Figure 5.  Plasma spray booth and support/shielding fixtures. 

The plasma spraying of the tubes takes place in a booth set up with a fixture that holds a variable speed 
electric motor that is fitted with a 12.7mm (1/2 inch) drill chuck. (partially hidden in Fig. 5)  All of the 
graphite mandrels are designed to fit in the drill chuck, and spun at 400 to 800 rpm so that the ceramic is 
evenly placed onto the mandrel.  Behind the motor apparatus is a manifold designed to blow cooling air 
onto the part as it builds up to prevent overheating.  Overheating of the part can cause cracking which will 
render the part unusable.  The fixture also contains pieces of sheet metal to act as ‘blinds’ to control 



where the ceramic is being deposited.  Where possible, prevention of coating deposition by masking is 
preferable to removal of the material by grinding.  [2]  The equipment used to spray the tubes consists of 
a Miller Thermal plasma spray unit and an SG-100 plasma spray gun set up in a sub-Mach configuration.  
The YSZ powder that has been the choice for fabrication of these parts is Praxair Surface Technologies 
ZRO-178.  Typical powder properties are listed in table 2.  [1] 

Table 2:  Shows some of the typical powder properties of ZRO-178 plasma spray powder as described by 
the manufacturer. 

ZRO-178 Typical Powder Properties 

Chemical composition Y2O3 7.0 to 9.0%  Remainder ZrO2 

Sieve Analysis -45µm +20µm 

Melting Temperature 2691°C   (4876°F) 

Apparent Density 1.5g/cc 

 

 

 

Figure 6:  On the left side is an as-sprayed tube prior to final grinding.  On the right is a finished tube 
after all machining (diamond wheel grinding) and bake-out have taken place. 



         

 

Figure 7:  Examples of finished tubes after final external grinding operations. 

 

To test the thermal shock resistance of these ceramic tubes, a set of experiments was conducted where 4 
specimens were plasma sprayed, each at a different standoff distance to attempt to systematically vary the 
as-deposited density.  The standoff distance is the distance from the spray gun to the part being sprayed.  
The typical spray distance for YSZ is 12.5 cm (5 inches).  These tubes were sprayed at 7.5 cm (3 inches), 
10 cm (4 inches), 12.5 cm (5 inches), and 15 cm (6 inches).  The longer tubular parts were sectioned into 
cylinders, 25 mm (1 inch) long with a 6.35 mm (0.250 inch) inside diameter and ground to12.5 mm 
(0.500 inch) outside diameter. (See figure 8) 

 

     

Figure 8.  Shows a schematic of the thermal shock test specimens and a table of their standoff distances. 



 

Two different types of thermal shock tests were performed.  One was a “down-quench” test in which the 
test pieces were placed, from room temperature, into a preheated 1500°C furnace.  The parts were 
allowed time to reach the 1500°C temperature, and were quenched in a room temperature water bath.  
(See figures 9 & 10)  The other test was an “up-quench” test.  For this test the tubular parts were dipped 
partially (about half length) into a molten nickel bath from room temperature.  (See figure 11 and table 3)  
Each of the tests had very encouraging results.  There was no shattering of any of the specimens from 
down-quenching or up-quenching. [3] 

 

    

Figure 9.  These photographs show the down-quench from 1500°C into water. 

  

Figure 10:  Photographs of the test specimens from the down quench test (partially submerged in water 
from 1500°C) after the quenching experiments. 

 



   

Figure 11:  Photographs of the test specimens, a) side view and b) bottom view, from the up-quench test 
(partially submerged in 1595°C nickel from room temperature) after the quenching experiments, adapted 
from [3]. 

Table 3.  Table showing results from nickel bath dip test, adapted from Carpenter report [9]. 

 

The knowledge and experience gained from years of experience with monolithic pour tubes was applied 
when a need arose for a pour tube that would be suitable for use with titanium atomization.  This tube 
needed to maintain the thermal shock qualities for which these tubes have been so reliable, as well as to 
resist attack by molten titanium.  Since the method of melting the titanium was a cold-wall copper 
(induction skull) crucible that is capable of only 10-50 degrees of superheat [4], more superheat needed to 
be put into the molten metal passing through the tube.  The design that was produced is a three layer 
composite tube that contains an inner yttria layer to resist aggressive molten titanium, a middle layer 
made of tungsten to act as an induction field susceptor, and the outer layer made of the same YSZ that has 
been used for monolithic tubes.  [5-7]  These tubes, shown in figure 12, were successfully made and 
tested in some titanium melting, pouring and atomization trials at the Interdisciplinary Research Centre 
(IRC) located at the University of Birmingham, U.K .  [8] 

Sample Sample   Date Heat Test   Thermal   
Identification Type Density Tested Number Type Melt Shock Wetting 

A Ames 8YSZ - 5" Standoff 87.5 7/7/2010 NA Dip Nickel No No 
B Ames 8YSZ - 4" Standoff 88.5 7/7/2010 NA Dip Nickel No No 
C Ames 8YSZ - 6" Standoff 86.5 7/7/2010 NA Dip Nickel No No 
D Ames 8YSZ - 3" Standoff TBD 7/7/2010 NA Dip Nickel No No 

 



 

Figure 12.  Representation of 3 layer composite tube illustrating the multiple layers. 

During high temperature (above 1725°C) atomization runs at Ames Laboratory it has been observed that 
the stopper rod will bond to the pour tube (Fig. 13), thereby not allowing the melt to pour through the 
pour tube to the gas nozzle to be atomized.  The mating surface between the stopper rod and the pour tube 
typically is painted with yttria paint (from ZYP Coatings, Inc.) to help seal the mating surface where there 
are, at times, slight irregularities in the rounded end of the Al2O3 tube. 

 

Figure 13.  Illustration of problem area where bonding occurs at high temperatures. 

 

Investigation into the cause of this bonding yielded some interesting results.  It was discovered by 
consulting the phase diagrams for the various ceramics that are in contact with one another at the pour 
tube / stopper rod interface that some combinations are not well suited for operating temperatures above 
1700°C.  Figure 14 includes binary phase diagrams of the 3 ceramics combinations used in the melt 
system and the lowest melting point of their combinations. 



   

 

Figure 14.  (a)  Alumina – Yttria phase diagram showing lowest melting eutectic at 1760°C.   (b)  
Alumina - Zirconia phase diagram showing the lowest melting region at 1710°C.   (c)  Yttria – Zirconia 
phase diagram showing lowest melting region at 2260°C. 



 

Several undesirable things can happen as a result of the stopper rod bonding to the pour tube.  These 
include damage to the atomizer, loss of the experiment due to an inability to release the material from the 
crucible, and altered powder size distributions due to component placement changes.  System damage can 
occur when the stopper rod rises, in the fused condition, and momentarily lifts with it the entire melt 
system assembly.  Then the whole system can fall back down, if the bond releases (often the case).  When 
this happens, parts can crack and break, especially at the elevated temperatures experienced when it is 
time for the pour to be initiated.  Damage caused by the leak of molten material that occurs from a broken 
melt system can cause costly repairs.  Figure 15 shows a sequence of events that happen when the stopper 
is lifted while bonded.  Even if damage to the atomizer is avoided, the labor and material costs incurred 
when a run cannot be initiated can be quite high.  It can take several days to tear down and re-equip the 
atomizer to run again.  Thus it is preferable to make sure it is possible to initiate the run. 

             

                         (a)                                                      (b)                                                  (c) 

Figure 15.  Sequence of events when stopper and pour tube bond (a), actuator lifts entire melt assembly 
(b), and melt assembly crashes down again, cracking the pour tube mid-length and allowing it to slip 
down past the insert edge, indicated by dashed line (c). 

To correct the issue of the stopper rod adhering to the pour tube, a composite stopper rod was designed 
using knowledge gained from the phase diagrams and the composite (3- layer) pour tubes (see Fig. 12).  
Like the pour tube, this stopper rod consists of three layers.  The inner layer is the same Al2O3 tube that is 
typically used.  Onto the Al2O3 tube is plasma sprayed a tungsten layer and onto that a pure yttria  layer is 
deposited.  (See figure 16)  The tungsten layer is placed between the Y2O3 and Al2O3 layers to act as a 
metallic reaction barrier.  The Y2O3 layer covers the outside of the composite stopper rod, so that all 
interfaces where 2 different ceramics are in contact are compatible at high temperatures. 



 

Figure 16.  Schematic of new composite stopper rod in melt system. 

Results and Discussion 

For the past 20 years, plasma sprayed YSZ pour tubes have been a very successful component of the 
atomization process at Ames Laboratory. [3]  Their remarkable record has prompted research into various 
configurations, including composite tubes with multiple layers and heating susceptor layers inside.  [6, 7]  
To date, plasma sprayed composite stopper rods have been used six times, each with promising results.  
The outer yttria layer offers unmatched chemical stability.  None of the stopper rods have shown attack by 
the melt into which they were submerged.  Temperatures up to 1815°C have been reached during 
atomization runs with no apparent adverse effects to the tube.  SEM micrographs (Figure 17) taken of one 
of the tubes after use show a small amount of gap between the tungsten layer and the Al2O3 layer.  It is 
suspected that differences in the coefficient of thermal expansion between the different materials, most 
especially the difference between the tungsten and the ceramics, is the cause of de-cohesion.  Early 
experimentation with the multi-layer tube showed that careful surface preparation of the alumina tube 
prior to performing the plasma spray operation is critical to the success of the stopper rod fabrication.  A 
grit blasting operation with 24 grit alumina particles was added to the preparation of the alumina layer to 
roughen the surface.  The tubes come from the supplier with a smooth finish.  The grit blasting roughens 
the surface and gives the tungsten layer a good foundation on which to adhere. 



 

Figure 17.  SEM micrographs taken of composite tube at liquid melt line (left) and at tip of tube (right). 

 

Several issues together prompted the need for the composite stopper rods.  A stopper rod tube with the 
robust melt resistance compatibility of YSZ at high temperatures, with resistance to melt reactions from 
contacting ceramic surfaces,  and with thermal shock resistance was not commercially available.  As an 
unexpected result of the continuous tungsten layer being present in the composite rod which surrounds the 
melt temperature thermocouples, we have noticed a decrease in thermocouple reading fluctuations, or 
“noise” during atomization heat up.  This shielding effect was especially noticeable at our larger atomizer, 
where it was not unusual for interference from the induction generator to cause unstable temperature 
readings. 

The process of making the stopper composite stopper rods at the Ames Laboratory Plasma Spray facility 
involves about 3 hours of time.  Since tubes are made for experimental usage only, and typically only a 
few are made at a time, the costs seem slightly high.  These tubes however, are not dramatically more 
expensive than the simple alumina tubes that they are sprayed onto.  Since only a small amount of spray 
powders are used to produce the thin layers, there is little materials cost.  There are also no 
machining/grinding operations or burnout period required.  As of the publication date of this paper, there 
are about $80.00 in materials contained in one of the twelve inch long stopper rods.  

Conclusions 

The thermal shock resistance exhibited by these plasma sprayed YSZ pour tubes is remarkable.  The 
aversion to cracking under thermal load makes these tubes very useful as atomization pour tubes. 

Using the plasma spray process to fabricate these monolithic YSZ and composite tubes that have unique 
internal and external dimensions is a versatile way to make robust atomization pour tubes. 

The unique ability to manufacture specialty melt components allows for the study of gas atomization with 
the necessary precision to gain a better understanding of the process. 



A novel composite stopper rod design was successfully used to resist thermal bonding with the pour tube. 

Modifications to the composite stopper rod tip will be explored to address the de-cohesion found at 
Al2O3/W interface tip. 

Recent experiments using multi-layered pour tubes have shown that thinner W layers improve tube 
integrity and maintain phase separation (i.e. reaction barrier).  
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