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ABSTRACT

Three methods for bonding plaswma-jet sprayed tungsten to steel
were developed and evaluatecd in an approach to the problem of providing
heat-resistant materisls for the cesipgn and fahrication oi components
for hiah temperature gpplications.

Three types of coating were sprayed by plasma-jet on 1020
steel substrates: (1) an all tungster coasting, (2) a coating graded
from 1020 steel at the interface to tungsten at the outer surface, and
(J) a coating graded from iron at the interface to tungsten at the
outer surface. By the latter two coating methocs, a less severe thermal
expansion gradient was developed between the sutstrate and the coating.
Pre-heating the substrates increasec the fusion hond at the interface.
Post-heat trestments eliminated residual stresses within the coating
and promoted grain growth and ciffusion _.cross the fusion zone. The
tungsten-iron graded coating on the 1020 steel substrate digplayszd
excellent resistance td shock and withstood high tempcrature corrosion
conditions 2 1/2 times longar than uncoated substrates.

The inveatigs ion emphasized the potential of the plasma-jet
gun in providing a means for depositing a protective coating on a

metallic substrate,
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1. INTRODUCTION

Tu contein and control high-temperature reactions and
processes, materials having exceedingly high melting points are
needed., Such meterials and unique employment of them in engineering
design must be ceveloped to solve the high temperature problems
encountered in current spece technology. It is only since 1940 with
the war-influenced interest in power plants and faster aircraft, that
designers have been confronted dramatically with the 'materials barrier'.
Up until recently, engineers designeu systems around the
meterials at hand. As better materials came along, new systems were
drawn or older ones modified to take advantage of improved material

properties. The fast pace of the current race to build planes,

to veylace he alresdy outdated '"superailoys" of cobalt and nickel for
high teorerativa applications. Materials that retain desirable
properties at 20009 and higher are presently needed. Since the useful
service temperature for anry material is approximately 0.6 of its melting
point, rasearchers are interested.in materials that have melting points
of over 000°F,

Researchers at the Battelle Memorial Institute have tabulated
122 compounds that melt at temperatures above 3272°P (1800°C). For

such service, metals are preferred becsuse of tnefr ductiliity. Though

the 1ist contains eighteen metals or metallolds, only four metals out

g rockets, and missiles has accentuated the neecd fur superior materials

k A T e R ———— I~ - - ¥ -
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of the eighteen are useful for other than very specialized applications.

Of these, columbium and melybdenum wili compete in applications between
1800°F and 3000°F; tantalum and tungsten for applications above 3000°F .
While highlv pronising, the use of high density refractory metals
fntroduces weight disadventages and gives rise to consiuerable fabri-
eation uifficulties when cesigners call for even slightly complex shapes.
it is no wonder, then, that considerable effort is being invested in
ettempts to combine the good workability, lower density, &nd high strength
properties of steels, with the high melting characteristics of refractories
by the application of improved coating techniques.

A relatively new approach of consideratle promise is the plusme-
jet spraying of refractories on steels. The typ2 of coatings in this
eategory, reported up to che present time, ara those which are bonded
nechanically to the base metal and do not withstand high temperature
eorrosion and/or :hermal ~hock. This deficiency has pointed up the need
for the development of more promising methods for coating steel. An
approach t¢ this problem has formed the basis for the investigation

reported upon in the following sections.
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2. EXPERIMENTAL BACKGROUND

There have been many coating processes developed to meet the
ever-increasing demands placed on materials by our rapidly-advancing
technology (Bertossa, 1958; Browning, 1959). One of the most recent
of these developments has shown great promise in the coating of base
materials with refractories, refractory metals, and cermets (Oechale,
1957; Levinsten, 1962). The process employs equipment of unique
design which utilizes both high pressure and high temperature (Linde
Company, 1959; Mash, Weare, and Walker, 1961) to spray oxidation-
resistant and temperature-resistant coatings on base materials
(Dickinson, 1953; lind: Company, 1959).

Effective conditions are obtained when an {inert gas at a
pressure of approximately 50 to 150 pounds per square inch is {onized
by passing it through an electric :;i (Thermal Dynamics Corporation,
1961). The resultant flame of the stream produced has become known
as a "plasma-jet", By introducing high temperature coating materials
in finely divided powder form into the head of such a piasma-jet, f{t
is possible to transfcrm the powdered materials into a plastic, moiten,
or even 8 veporized state by the time they leave the jet, Like
particles cf most materials are capable of fusing together under these
extreme conditions to form & well-bonded coating (Eisenlohr, 1961;
Hayes and Jobns, 1961). Unfortunately, this fusion between particles

of rhe same type does not extend in many cases to the material on which

— g v - — -




‘thy, are sprayed.

A literature search reveals very little material releagsed to
date concerning plasma-jet sprayed refractories cn substrates. This
dearth of information may be attributed to scveral factors: (1) it
is a relatively new fleld of stuuy, (2) the {nitial cost of equipment
is high with no guarantee for results from the investment of time
and money, and (3) most of the investigations that have be.n concuctec
are clasgified or are awaiting patent right protection before the
relcase of any pertinent information obtained. Recent reports in the
literature and actual micro-examination of bonds between various
coatings and basc materials reported by two leading manufacturers of
plasma-jet type of equipment indicate the bonding to be of a mechanical
and interlocking natur. , with little or no fusion tonding involved.
Fusion bonds, however, have teen reported by others (Dickinson, 1958;

inde Company, 1959). Such bonds sre stated to have been developed
when hot particles of the coatiug maeterial strike the surface of the
substrate, The fusion zone produced by this process is usually very
thin and lacks shear strength. Both thia typ. or bond and the
wechonical type bond have many appliczi¢‘~ns in corrosion-resistance
problems (Shepard, 1960) under normal conditions, but they have little
or no value ae protective coatings for subjection to therwmal shock
conditions and high temperature environments (Batchelor, 1958).

From the foregoing consideration of the progress to date in
the development of high-temperature-resistant coatings for base metals

of construction, it is quite evident that there continues to be a need

o iy e




for improvement in the fundamental wechanism of bonuing the coating
to the substrate., The problem seems to arise out of differences in
the expansion characteristics of the coating and base meterial.
Expansion of the costing and base material during heating develops
an excessive shearing stress at the interface due to differences in
the coefficlents of thermal expansion of the two materials. It is
very difficult, if ot impossible, to match or mix coating powders
to produce expansion characteristics {n them sufficiently similar to
those of the base matarial on which they are sprayed to suppress the
occurrence of spalling.

The stress produced, though {t can be minfmized by the proper
selection of coating powders, is generally large enough under thermal
shock conditions to cause the weakly-bonded coatings, .cgcribed above,
to shzar off. It would appear that the key to a solution of this
problem might be in the elimination or reduction of the harmful
shearing stresses at the interf... between the applied coating and
the base wetal to which it is applied. To this enc, several approaches
have bcen devised and evaluatiu experimentally. The results obtained

form the basis for this report.

’i
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3. OBJECTIVES OF INVESTIGATION

The objectives of this investigation were as follows: '

To study the mechanism by which a heat-resistant tuagsten
¢oating, deposited by a plasma-jet spray gun, may be caused to adhere
to the surface of s base metal of 1020 steel, and

To dev-i.; + hniques © t+ . lication f the plasme-jet
spray cirected tows:. producing ai. . ,-uvved fusicrn-bonded coating
which would withstand the stress of thermal shock and mechanical shear.

6
T>
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4. EXPERIMENTAL PROCEDURES

The principsl unit of experimental apparatus used in this
investigation was the Giannini Plasmatron P-160 System. Other
equipment of an suxilisry nature was specially designed and constructed
or adapted tc provide the environment and controls esse:tial for the
optimum application ¢ the Plasmatron. A schematic diagram of the
experimental apparatus as it was installed for operation is shown fn
Figure 1. As previously indicated, {its purpose was to deposit a
heat-resistant tungsten or tungsten-base coating on 1020 steel.
Variables such as plasme-jet operating pressure and temperature,
particle =i{ze of coating materisl, and composition of the deposited
coating were {nvestigated to determine characteristics for inducing a
suitable fusion bond. 't  temperature of the gubstrate (1020 steel)
wvas elevated to establish different steel phases prior to the coating
procedure. The effects of phase transformations, atomic activation,
and crystal structure on the fusion at the interface of the coating and
the substrate vere studied. The coating procedure was conducted {nside
the {nert atmospheric chamber to reduce ox{dation at the surface of the
substrate and within the deposited coating. Controlled cooling rates
of the coated specimens ware used to reduce residual stresses developed
at the interface during thermal contraction. rost-heat treatments were
employed to further bonding through aiffusion and to eliminate residusl

stresses.

‘




Figure 1

Identification List of Experiment Equipment

Plasme-Jet Head Assembly
Plasmatron Control Panel

20 Kf{lovatt Transformer-Rectifiers
Argon Gas Bottles (300 Cubic Yeet)
Water Softenar Unit

Water Pump

Nitrogen Gas Bottle (250 Cubic Peet)

Variable Transformer (Controls nitrogen gas pre-heating furnaca)

Variable Transformer (Controls post-heat treatment furnace)

Nitrogen Pre-Heating Furnace
Inert Atmospheric Chamber

Check Valve (4 1/2 inches - inside diameter)

Pour Electrical Inlet Plugs
Mechanical Vacuum Pump

Inert Atmosphere Chamber Door
Six Thermocouple Inlet Plugs
Rubber Glove Port

Pyrex Glass Window

Copper Tuting (3/16 inches)
Rapid-Acticn Gas Valves
Powder Hoppers

Post-Heat Treatment Furnace

Jig (Used to position specimens to be coated)

Level Platfora for Jig
Specimen Holder
Plagsma-Jet Flame
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A wore detailed cescription of the equipment as it was

employed {n the investigation is given in the following sectiona:

4.1 Technical Details of Apparatus

4,11 Plasmatron Appsratug

Two 20 kilowatt transformer-rectifiers (3) (Figure 1) were
connected in parallel to supply an H-50 Plasmatron head assembly
(1) (also shown photographically in Pigure 2) with a maximum power
input of 40 kilowatts., These transformer-rectiffiers supplied a
constant voltage of 25 volts to the electrodes in the Plasmatron head
assembly during operation. The current to thc electrodes in the
Plasmatron head was regulated by a varisble transformer mounted in
the center of the console panel (2) {also shown photographically {n
Figure 3). Argon gas was suppliec to the Plasmatron hesd-assembly
from a 300 cubic foot bottle (4). The working pressure vas regulsted
by a two-stage argon regulator. The gas flow was regulated by a flow
meter mounted on the lower right hand side of the console panel. The

flow meter on the lower left hand side of the panel regulated the

. vater flow used to cool the Plasmatron head when it was in operat{on.

The plasma-jet flame (26) was stadilized in front of the Plasmstron
bead.

The front electrode of the Plasmatron head had two powder-
fnjection orifices through vhich costing fpiwders vere injectad under
pressure into the plasms-jst. Esch {njection orifice vas connected by

goppev tubting (19) to standard Plassatron powder-hoppers (21). One

&y




10
tee-joint vas ingerted in esch feed line at a distance of one inch
from the point of connection ot the Plasmatron head. A copper tube
vas connected to thess tvo tee-joints and passed over the Plasmatron
head (see Pigure 4). This arrangement balanced the pressure at the
two {njection orifices so that the plasma-jet was not deflected when
the twvo powder hoppers were being operated at different pressures.

It was possible to replace this dual-powder feeding-systen by a
single-powder feeding-system whenever a requirement aro<¢ to feec
both injection orifices from one powcer hopper. The powcer flow from
the hoppers vas reduced by liaiting the exit orifice of each hopper

to the sams size diamster a3 the venturi {n each hopper.

4,12 Inert-Atmosphere Chamber

An {nert-atmosphere chamber (11)(as shcwn alsc in Figures 5a,
Sb, and S5c) was designed and constructed to contain the essential
devices for applying the coatings. The chamber wae constructec of
14 gage sheet stcel and was equipped with water-cooled cocling
jackets. A flange with a metallic O-ring provided a tight cliosure
of the Plasmatron head to the chamber., The chamber wvas fitted with
a large pyrex viewing window (18), glove port (17), selt-regulating
exhaust port (12), and rear access door (15). The chamber was also
equipped with an internal lighting system, four electrical inlets
(1)), and six thermocouple {nlets (16). A small electric acaealing
furnace (22) was mounted in the chamber at the end opposite to the

Plasmstron head.
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4,13 Registance-Heaating System

A direct current, battery-op-rated resistance-heating systea
wvas installed in the chamber to pre-heat the 1020 steel substrates.
Tvo six volt, 130 ampere-hour batteries in parallel, allowed tensile
shaped specimens (@inimum cross section: 1/8" x 1") to be brought to

temperatures in the vicinity of 2000°F.

4,14 Purging of the Inert-Atmosphcre Chamber

The quantity of nitrogen purging gas (7) used was minimized
by pre-heating {t to approximately 300°F before feeding it into the
{ner:-astmosphere chamber, 4 tubular, pebble heater was designed and
built for this purpose (10). The heater was constructed from an
efght -inch length of stez2l pipe (1" fnside diameter)., It was wrapped
with 30 feet of 0.7 ohm/ft. ele~trical heating wire and was thermally
and electrically insulated with a one-inch layer of magnesia mud. The
s*eel pipe was filled with small copper filinge to eliminate any
oxygen present in the nitrogen being pre-heated. A meachanical vacuua
pump (14) was connected to the chamber to reduce the purging time and

consuaption of nitrogen.

4,15 Substrate-Pogitioning Jig Aggembly

A jig vas designed and constructed to move specimens at s
uniform rate in frcat of the plasme-!et while being coated (23).
Figure 7 shows the jig holding a 7" x 2" x 1/4" steel speciman. This
jig end a stsinless steel shield vere mounted on rollers aud slaced on

a level rurway (24) inside the chamber. WwWith this setup, a specimen
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wmounted on the jig behind the shieid could be positioned et any
desired distance from the Plasmatron head. The shield had an
adjustable hole in it which ves lined up between the urifice of the
Plasmatron head and the center of the specimen. In this way, only
the center portion of the plasms-jec spray could coat the specimen,
which was moved in a zig-zag fashion by the jig iu front of the
adjustsble hole in the shield,

The jig was modffied slightly to handle the cylindrical
specim:s costed for ¢ : mechanical shear tasts (see Figure 7). For
this purpose the assembly used to hold the plate specimens was first
removed. The main driving shaft of tue jig was extanded an additional
4 1/2" beyond the jig assembly through a hole in the side of the
protective housing. An alumina cylinder was set over the end of the
extended p.rtion of the main shaft to protect the shaft from over-
heating during the coeting operation, A 1020 stee! cylinder to be
coated wae slid over the protected shafit and engaged by a hook
connected to the shaf* a8 shown in the schematic c.agram in Figure 8.
The jig rotated the cylinder while passing it back and forth through

the plasma~jet,

4,2 Application of Coatings

Using the apparatus described above, three types of coatings
were applied as follows:

(1) Tuugeten on 1020 steel substrates.

(2) Greded coating of tungsten - 1020 ateel mixtures on

1020 steal gubsgtrates.
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{3) Graded coating of tungsten-iron mixturus on 1020

steel substrates.

Many {mprovements in the coating techniques were developed
in progressing trom the first to the third type of coating listed
above. The general technique was established while investigating
most of the variables related to the spplication of tungsten on
1020 steel. The results from this procedure sugygested a graded
coating technique as a possible solution to the dii:icultier
uncountered in the first type of coating. Several modiffcations in
procedure and aquipment were nccessary before the tungsten-1020 steel
graded coating technique was succesgful. The undesirable properties
of this second type of coating were eliminated by the development of
the tungsten-iron graded coating.

The ultimate development of the coating procedure that
produced s thermal shock-resistant coating was the direct result of
iovestigations conducted on sll three of the coating techniques listed
above., A detailed description of the development of this latter
coating technique is given in the following three sub-sections which
take up the tnree types of ccatinge in the order in which they were

investigated,.

4,21 Tunggten Coated on 1020 Stesl Substrate

The first atteapt to dsvelop a protective coating of tungsten
on steel with the aid of the plasma-jet, used the most direct approach.

It consiated of spraying tungsten directiy on stesl and investigating

1
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the effects of the variables described below. Cold-rolled 1020 steel
plate (2" x 7" x 1/8") was chosen as the substrate to be coated with
tungsten because of {ts low carbon and alloy content. All specimens
to be coated were first pre-heated to induce metal to metal bonding
through increasing the internal energy of the atoms of the metals

{nvolved,

4,211 Pre-Heating Substrates

Pre-heating the substrate with the battery-operated resistance-
heating system proved inconvenient due to the numbter of specimens to be
cested and the difficulties encountered in making good electrical
connections with the specimens inside the chamber.

Tests were conducted to determine the usefulness of the
plasma-jet itself as a possible source for pre-heating the specimens.
Three chromel-alumel thermocouples were spot weided to the back side
of a ypical steel specimen (7" x 2" x 1/8"). Two of these thermo-
couples were located at the extreme opposite edges of the area to be
coated., The third thermocouple was placed i{n the center of this area
(1 1/2" x 1 1/2"), This specimen was placed in the jig and positioned
6 1/2" from the front electrode of the Plasmairon head. Millivolt
readings were taksn with the center thermccouple at different time
intervale after the plasma-jet src had been struck. The tempersture
of the specimsn lsveled off sfter 250 seconds &s shown in Figure 9,
Readings taken with the other two thermocouples at this temperature

plateau agreed within 40°C even while the specimen vas being moved by
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the jig in a zig-zag fashion in front of the plasmaa-jet. The center
thermocouple, therefore, was able to detact the temperature of the
coating area (1 1/2" x 1 1/2") to within + 20°C. The pre-heating
temperatureas of all plate specimens used in the {nvestigation were
obteined from a thermocouple spot-welded tc the side opposite to the

side prepared for coating and in the center as described above,

4,212 Coating Procedure in the Normal Atmosphere

By the above pres-heating procedur~, only the first two lower
temperature phase-regions (alpha and alpha plus gamma) of steel were
investigated. The first nine specimens were coated with tungsten in
air so that results could be compared with future coatings in an
.nert atwosphere., All plasma-jet control-settings were the same for
these first nine specimens (sece Table Ia),

The single powder-feeding-system was employed for these coatings.
The venturi of the hopper was adjusted to 2T-0 (two turns out from the

flush position). This setting produced a ste~dy fiow of tungsten into

~the plasma-jet stream without cverloading it. It resulted in a coating

build-up of approximetely 0.01l° inches of tungsten per minute on the
substrate at the settings used for the tirst nine specimens,

The surface of each speciwmen that was to be coated with
tungsten in the normal atmosphere was manually ground with abrasive
papers to a surface smoothness corresponding to 500 grit size just

before it vas pre-heated with the plasma-jet. Each specimen was

1
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placed in the iig, pre-heated by the plasma-jet, and coated wich

two layers of tungsten by allowing the jig to move the rvecivens {n
front of the plasma-jet twice while tungsten powder (+25 mesh) was
deing injected into the plasma-iet stream under a pre:sure of 1) psig
(pounds per square inch gage). The power input to the plasma-jet

vas slowly decrcased to 100 amperes after each costing procedure
before turning the plasma-jet off completely. Tails proceture tended
to prolong the life of the electrodes and reduccd tha residusl
stresses developed at the interface of coated specimens during
cooling. Table Ib shows the pre-heating temperatures and stand-off
distances (distance from Plasmatron head to coating surface) used for

each specimen,

4.213 Coating Procedure in an ‘nert-Atmugphere

The procedure used to coat 1020 steel substrates (2" x 7" x
1/8") with tungstea in an {nert atmosphere was as follows:

The initial purging of the chamber to obtain an finert
atmosphere was carried out by partially evacuating the air with a
mechanical vacuum puamp &nd then introducing nitrogen gas, pre-heated
to approximatelv 00°F. The chamber was firat evacuated by the
vacuum-pump until the rubber chamber-glove as stiffly erected inside
the chamber. The vacuum-pump valve was then shut and pre-heated
nitrcgen was introduced until the glove was stiffly erected outside
the chamber. After repesating this procedure twenty times in the

course of one hour, the nitrogen flow vas left on vhile the locks on




the 4 1/2" check valve were relessed. The plasma-jet arc was struck
and the plasma-jet was left on for two minutes. The heat from the
plasma-jet expanced the chamber gases, resulting in additional
purging. The gas remaining in the chamber after this initial firing
vas slightly yellow in color, indicating the formaticn of nitrcgen
oxides. A second purging by ignition of the plasma-jet for three
minutes elininated all signs of nitrogen oxides present in the
chamber,

Before the {nitisl purging, nine steel-specimens were
polished and placed inside the chamber {n a rack. Number 50C-grit
abrasive paper and +325-mesh tungsten powder (dried at 150°C for
15 hours) were also placed in the chamber before the initial purging
operation.

All specimens were polished a second time with No. 500 grit
abrasive paper while they were in the irert atmosphere, just prior
to the pre-heating and coating procedures. Table Ib lists the

individual pre-heating temperatures for each specimen. The same

coatirg procedure was used as that gescribed in the previous section.

The plasma-jet control settings were incregsec when the last two
specimens were coated so that a comparisor of power {nput versus
relative coating density could be made by microexamination.

4,22 Graded Coating of Tungpten - 1020 Steel Mixtureg om 1020
Steel Substygte

It vas the objactive during this phase of the fovestigation

18

to deposit a costing on 1020 steel such that & graduasted region ranging
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from 1020 steel at the fnner interface to 100 per cent tungsten at
the outer surface would be obtained. It was felt that such a coating
would provide a more gradual thermal expansion gradient between the
stee]l plate gnd the tungsten layer and would also promote fusion at

the interface.

5‘221 Dus]l Powder-Feeding-System

A dual powder-feeding-system was installed to facilitate the
deposition of the graded coating. Each of the two feed inlets in the
Plasmatron front electrode were fed from separate Plasmatron  powder-
Boppers. Separate argon pusher-gas preusure systems were connected
to each of these hcppers.

Several modifications and adjustments were tried on the dual
feeding-system before any attempts were msde to deposit a graded
¢®ating on a prepared specimen. The venturi on each powder hopper was
sdjusted until the lowest feeding rate was established for the two
different powders. Both hoppers were noved as clese to the Plasmatron
head as possible (1 1/2 feet) to recduce the flow resistance in the
copper tudbing that connects the hoppers to the head. The dual powder-

feeding-systen finally adopted was that described under 4,11, Plasmatron

Apparatus.

5‘222 Grsced Coating Procedure

The surface on one side of each of thirtean 1020 gteel spec{mans
{7 x 2" x 1/8") was ground down ,02 {nches wvith a surface grinder to

siainate any skin effects that might interfers with the coating

Wer
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technique. Chromel-alumel thermocouples were spot-welded on the side

of the specimep opposite the surface which had been prepared on the
susface grinder. The surface-ground face was menually ground with

nusber 500 grit sbrasive paper just prior to coating. Two specimens

(No. 19 and No, 20) were pickied, after manual sanding, in a solution

of 50 per cent HCl plus 50 per cent alcohol. Table Ila lists the control
settings used for each of the thirteen specimens coated during that
pariod.

The same purging procedure was fullowed when coating specimens
in an {nert atmosphere as was outlined in the previous section. A
five-ainute preliminary firing of the plasma-jet vas again made before
attempting to coat any specimens,

The 4 1/2" check valve was shut after each coating procedure
when the operator was ready to turn the plasma-jet off., This resultea
in an increase in pressure iusice the chamber. By gradually decreasing
power to the plasma-jet, the presaure inside the chamber was reduced.

A slight positive pressure was maintained {nside the chamber during
the shut-down period by s balance between the two above changes in
pressure. This procedure was used to eliminate any chance for oxygen
to be drawn into the chamber through tne check valve during the shut-
dovn period vhen pressure conditions ineide the chamber were unsteady.

Seven of the thirteen specimens (No. 19, No. 25-27, No. 30,
and 31), prepared for this phase of the investigation, were coated in
an inert atwosphere. All seven specimens were positioned at s stand-off

distance of seven {nches and pre-hested to temperatures below the first

e T P T T . —
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transformation temperature of steel (723°C).

The actual coating technique used during this coating period
for each specimen was the same in each case. 1020 steel was iprayed
onto a specimen for the first two passes. This was followed Ly
spraying both tungaten and 1020 steel for the next two passes, and
finally, during the last two passes, only tungsten was deposited.
Variables such as power {nput to the plasma-jet, flow and pressure
of the pusher-gas to the powder hoppers, and particle-size »f the
coating powders were adjusted during these coating procedures to

eliminate clogging of the injection orilices in the Plasmiatron head.

4,223 Heat Treatment Studies

Microexaminations werea made on specimens as indicated in

Table IIs. From these microexaminations Specimen No. 30 vas chosen
for use in studies of the effect of heat treatments on this type of
multiple coating. The section of Specimen No. 30 used for the initial
microexamination was cut {n half. One half was heat treated at 650°¢C
for one hour and the other half at 950°C for one hour. Both halves,
were furnace-cooled after treatment at a rate of 15°C/min. They wvere
then mounted, polished, etched (3 per cent nital), and aicroexamined.
Hardness readings were taken before and after each heat treatmant on

a Leite microhardness tester (Vickers Hardness - 100 g load).

4,23 Graded Coating of Tungsten-Iron Mixtures on 1020 Steel Subgtrate

An attempt was made to deposit a grsduated coating on 1020

steel plate, ranging from pure iron at the inner interface to 100




per cent tungsten at the outer surface, The reasons for trying to

deposit this type of coating on 1020 sreel plate were as follows:

1.

| ¥

I3

In the annealed condition, an {ron coating could be
expected to be moro ductile at both room temperature
and at elevated temparatures than a corresponding

1020 steel coatirg.

In a graded conating containing iron there would be nc
possibility of t:~» [formaticn of cartides within the

zo e gdjacent tc @ pure tun, ten zon-

The coefficic. t of thermal exps. ton »f * on (6.5
micro-in./ir /'F) lies between the coe ficlents of
therma,: expansion for 1020 stee! (¥.0 micro-in./in./OF)
and tung:ten (2.55% micro-.w./in./oc).

Only slight changes {r crvaetalline structure and
transiormation tempere ur.s could be expected to occur
uron the replacement .. steel by iron in the grace?
ccating. 1t wou.d be unlikely, therefore, that the
degree of f: iion bondiig previously developed thnrough

the use of stee! powder, would be decrease..

4,211 ., 3ded Coaring lrocecure

sour 1020 ste_l -lazes (7" x 2" x 1/R'") were first coated in

the normal atmosphere witn this seconc type of grade. coating (see

Table I1ls).

The gsame _ocating procedure was followec as that usec ir

depositing the fi{rst type of multiple coating. A xocificatict ci the

22
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powder hopper reduced the powder flow so that the plasma~jet would
not »e overloaded. This was sccomplished by reducirg the exit

orifice of cach hopper to the same diameter as the venturi in each

hopper.

4,232 Heat Treatment Studies

One of the more prowiesinrg specimens (No. 34) from these f{irst
attempts was microaxanined, 7The specimen was then heat treated at
950°C for one hour and furnace coolec (7 1/2°C/min.). The specimen
was remounted, polisted, etched, and microexanined. Microhardness
readings were taken before anc after the heat trzatment,

Three specimens (No. 40, No., &1, and No. 43) were coated (n
an inert atmosphere, Iomedistely after coating, each specimen was
placed in & tubulaer tfurnace, previously locate. inside the chamber,
Specimens No. 40 and No. ¢; were hel' at 350°C *»r one hour before
furnace cooling. Specimen No. 4! wag furnac. cuoled when {{ reached
950°C in the tutclar furnace. Microexaminati~ns and microhardness
surveys were maue on Specimens No. «1 gnc No., 43, The three specimens
wrre then heat treatec iﬁ 8 vacuua furnsce for one hour at 950%C and
then {urnace-cooled. Micrceexaminations anc microh-rdneas survevs
were nace on al! three spacimens.,

The genera!l procecure fcr cepositing the tungsteu-iron grade.
cosiing was establishes by the shbove {(nvestigzstions. Slight sodifi-
catiorns ir this procedure were necesssry {n the preparstion of

specimens usel in the following evaiuation tests. The preparatisn
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of thesec specimens will be degrribed alonj with their respective

evaluation test in the following section,

4, Coating Evsluation Tests

Tha nature of th: bonds establiahed by the coating proceasses
were {nvestigated by optical microscopy and x-ray diffraction techniques
wvhere applicable. Microhardness surveys were uged in support of the
above investigation techniques. A radinactive tracer technique was
developed to study diffusion rates at the int.. face. A mechenical
test method propcsed {Meta’iizing Engiveering Compsny, 1957) for testing
the shear strength of the bonds was evaluated. The results obtained
from such mechanical shear tasts were correlated with the variables
enploy2d during the coating procedure. The plasma-jet was used to test
the mcst promising bonds under conditions of thermal shock and normal
atmesphera, A more detailed descriotion of the coating evaluation

techniques used during this investigation zre given in the foliowing

sub-gections.

4,31 Development of Radicaciive Tracer Techniaue

4,311 Preliminsry Investigations

A radloactive tracer technijus as 8 wmeans for checking coating
diffusion was tried beceuse of its accuracy, ease of application, and
the ready avaiiabllity of tracer preparaticu faciliiies at The
University of Arirona. Seversl refractory materials that have melting
points sbove 2800°C {tungsten, tungsten carbide, tantalum, tantalum

carbide, and rzirconis) and a selected variety of structural steels

, e
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(1017, 1040, 4150, and 864C) were first investigated to estabiish
whether a tracer technique was possible for each cmse., At least one

fsotope for each vefractory proved favorable for studyirg diffusion by

the tracer technique. The quantity and half life of the characteristic

radistions from the isotope (s) present in the steels investigated was
low enough sc¢ th-t they would not tend to mesk the radistione from the
refractory materlals themselves,

4L trial run was made to confirm the above observations before
any attempi was made to investigate a controllec diffusion study by
the technique cdescribed below.

A cisk (1/2'" diamter - 1/8' thick) of 1017 steel was coated
on ore side wich a thin layer of tungsten (1/100" thick) by the
Plzsmatron equipment in the normal atmosphere, Thie specimen was
irredisted in the university nuclear reactor and then placed in a
jead container for 24 hours to &llow the background radiation caused
ty the {3ctopes in the steel to decay., After this period. a radiation
spectral aralysis wvas made on the specimen to detect isotopes still
present. Unly a swall trace of one isotope in the sfeel, Mn-56, was
detected, while a1l four of the tungsten intensity peaks for isctope
W-187 persisted with coaparatively large radiation counts psr minute,
The coaited surface would have been surface-ground and checked for
tunzsten content (counts per minute) to esteblish the depih of
penetration of the tungsten in the steel if this uhad been a contrelled

diffusion sgtudy,
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4,312 Controiled Diffusion Study

A controlled diffusion investigation was conducted to establish
the usefulness of this tracer technique for diffusion studies of
tungaten into steel and to establich a standard procedure to follow in
investigating diffusion produced by the Plasanstron equipment, Tungsten
powder (-325 mesh) and 1017 steel disks (3/4" dia.) were used for the
controlled diffuslon study. Tungsten liac the longest half life and
largest neutron absorption cross section of the refractories investi-
gate’ and 1017 steel gave rise to the lcast radiation background counts
of the structural materials investigated. The controlled diffusion
study was conducted in & vacuum tubular furnace since the Plasmatron
and gupporting equipment .. not completely operational at that tiwe.
Six digks of 1017 steel wer ground on a surface grinder to the same
thickaeas (.1754 in.). One side of each specimen was in firm contact
with ftungaten powder during a five hour heat treatment at 910 + 10°C.
This particular temperature was selected since the first couplete
phase change occurs at this temperature in both the {ron-tungsten
(alpha to gamma) and the iron-carbon {alpha + Fe;C to gamma)
constitutional diagrams.

starting with the first specimen (surface -ground a second time
to its original .1754 inch thickness) each specimen was then surface
ground 1/i0,000 of an inch more than the preceding specimen,

The six specimens plus one control disk (a 1017 steel disk
surface-ground and heat treated without any conract with the tungsten
powder) were then irradiated for three hours at 2.8 x 10" neutrons/cm?l/

sec in the university nucl-ar reactor. The specimens were 'cooled' for

‘j
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three days to allow the isotopes in the steel to decay to a background
count thai would not interfere with the analysis of the radiation
emitted from the tungsten.

Purther use of this technique was a: ticipated when a fusion
bond between plasma-jet sprayed tungsten and a steel substrate had

been developed.

4.313 Conve.sion Curve of Counts per Minute to Weight of Tungsten

Counts per minute versus weight of tungsten curves were
established for ease of conversion in calculating the concentration
of tungsten in steel from counts per minute. Once the tungsten
concentration had been agtablished at different penetration depths
in the steel specimens, the diffusion coefficient of tungsten could
be determined from Fick's Second Law for that particular specimen,

The standard conversion curve for tunesten was made by the following
procedure:

Increasing amounts of tungsten were weighed out and placed in
the standard irradiating vials used to contain samples being irradiated
{n the university nurlear reactor. In order to keep thec seven powdered-
tungsten samples from dispersing throughout their respective vials,
which would cause a different geometry for each sawple during the
counting operation, the vials were filled with commercially sterilized
cotton to keep the tuugsten in a tixed position while being frradiated,
transferred, and counted,

These seven vials, plus one vial containing only cotton, were

irradiated for 2 hours at 2.8 x 10" neutronn/caz/lec and allowed to
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"cool" for 4B hours before counting in a well-type scintillation
counter, The emount of background radiation emitted by the cotton
and vials was obtained from the vial contsining only cotton. These
additional counts per minute were subtracted from the values obtained
from the seven vials containing tungsten. The corrected values
(counts/min.) of the two largest chsaracteristic tungsten intensity
peaks (0.686 and 0.480 Mev) can be seen in Table IV in the Appendix.
The corresponding weights of tungsten are also given. From these
values, the counts per minute versus weight of tungste: curves were

established as indicated {n Figure 10.

4,32 Microexamination and Microhardness Surveys

Microexamination of each type of coating was used as the
initial evaluation test, By studying the microstructure of heat
treated samples of the steel coated wit:: t.ugsten, {t was possible
to determine an appropriate pre-heating temperature that wou.d limit
phase transformations to the surface (approxiwately 1/100" thick) of
the substrate., Since the temperature of the substrate rose during
the coating process, it became possible for the entire substrate to
undergo & phase transformation if the pre-heating temperature exceeded
approximately 650°C. Transformations of this extent had to be guarded
against since they introduced stresses sufficient to cause spalling
during cooling.

The tungsten coatings were evalusted on a relative basis by

recording such factors as the extent of their laminar structure,

penetration into the substrate, oxidation layers, and porosity.

i
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These relative values were correlated with the console settings,
stand-off distance, and pre-heating tempersture. This correlation
minimized much of the guesswork in the selection of proper esettings
when the tungsten-1020 steel graded coating was being developed.
Microexaminations of these latter coatings were conductec mainly to
determine how uniforaly gradual th> mixed coating could be when
produced with the dusl powder-feeding-system.

Microhardness readings were taken on one specimeu (No. 3C)
of this second type of coating (tungsten-102C steel graded coating)
that dieplayed the most promise according to microexaminations.

This hardness survey was repeated after the specimen had been heat
treated at 950°C for one hour and furnace cooled at the rate of
15°C/min, From these studies, the effects of the heat treatwent on
the mlcrostructure and hardness of the specimen were obtained.

Since t. » tirst two coating techniques served mainly as
guides to the uu.. iopment of the third coating (tungsten-iron graded
coating), a more detailed description of the two evaluation tests
discussed above will be made in the follow(ng sub-gection on this third

type of coating.

4.321 Tungsten-JIron Graded Coating on 1020 Stel Substrate

Microexsmination of this type of coating was conducted
wainly to study the amount of fusion {t produced and the extent to
which uniform dispersion could be developed in {t,. The preparation
of speciwens used for these studies was as follows:

Tungsten-iron graded coatings were deposited en ten 1020 steel

specimens (7" x 2" x 1/8"). The same ceating procedure was followed




Y

as that described in Section 4.23, The ten specimens were furnace
cooled (rate of cooling - 7 l/2°Cl-1n.) from 950°C immediately after
costing. On four of these ten specimens (Nos. 49, 50, 54, and 56),
the pure tungsten layer was omitted so that x-ray diffraction studies,
described in the next section, could conveniently be made on the
tungsten-iron mixture. The remaining six specimens were used for
microexaminations anu microhardness surveys., The plasma-jet costing
data for these ten specimens are summarized in Table IIlIb.

Specimena to be microexamined were mounted in black bakelite,
polisheu, etched with 3 per cent nital for 10 seconds, anc examined
and photographed with a Reichert Metallograph (magnification range -
75x to 2500x).

Detailed micrcharcness surveys were conducted to provide
further correlaticn with the mnicroexaminations and x-ray diffraction
studies (as descriteu in the next section) which were conducted on the
tungsten-iron graded coatings. Prejaration of specimens for micro-
hardness surveys was tlie sawe as that used to prepare speciaens for
microexaminations. The microhardnzes surveys weres made on Specimens
No. 34, 40, 41, 43, 51, 52

$3, 55, Se, 57, and 65. The hardness

’ ’

readings taken across each -f these sectioned specimens were spaceu

88 incicated in Figuresg 11-20. It was not possible to take hardness
readings in & straight line on the coating due to the oxide layers and
inclusions present. Readings were taken within s narrov band across
the sections while maintaining the cesired spacings between the

readings (see Figure 44). Hardness readings {n the tungsten-iron
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region were teken i{n the centers of those iren-rich areas and
tungsten-rich areas large enough to support the diamend indentor.

One microhardness survey was made on Specimen No. 34 after
it had been coated and air cooled (A.C.). This survey was repeated
after this specimen had been heat treated for one hour at 950°C and
furnace cooled (F.C.}). One microhardness survey was made on Specimen
No. 40 after the above heat treatment.

Microhardness surveys vere ~onducted on Specimens No. 41, 51,
52, 53, 55, 56, and 57 after they had been coated and furnace cooled
(F.C.) from 950°C. These specimens plus Specimen No. 4} were thean
heat treated (H.T.) at 950°C for one to turee hours, as indicated {in

Figures 13-20, before repeating the microhardness survey.

%.33 X-Ray Diffraction

X-ray diffraction techniques were applied to the tungsten-iron
gradec coating to investigete (1) the effects of heat trestments on
the tungsten-iron regions and (2) the types of tungsten concentration
gradients developed in the tungsten-iron regions by two alternate
ccating procedures. To accoaplish these investigations, it was first

necessary to set up cectain x-ray diffraction standards.

%.331 Stancard for X-Rsy Diffraction Studies

Three twenty-gram powder compacts of tungsten (-325 mesh) and
iron (-325 mesh) were made u- and melted in an {nduction vacuum furnace
The weight percentages of tungsten in these three compacts were 20, 62,
&and 69 per cent “e.pectively. They were selected to coincide with

sign{ficant compositions in the tungsten-iron alloy system. These
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coupacts and one sample of commercially supplied ferrotungsten
(80 per cent - W, 0.60 per cent - C, Balance - Fe) were used as
x-ray standards.

A Norelco x-ray unit (North American Philips Company) with a
copper tube (Cu-Kal, wavelength 1.54050 A°) was used in ~onjunction
vith a scint{llation-counter and etrip-chart recorder for all the
x-ray diffraction studies. The x-ray unit was operated at 35 kilovolts
and 15 millismperes. A scan from 20 = 150 to 115° was used in snalyzing
the four gspecimens prepared as x-ray standards. The relative reak
intensities of the four constituents identified are given in Table V.,

The relative intengities of the iron peaks were not used for
quantitative analyses. Secondary fluorescence is encountered according

to Klug and Alexander (1954) when

Al = Z1 -2 =2 or 3
where Z1 = atomic number of target material

and Z, = atomic number of element in spe:.imen under
investigation

AZ = 3 when using a copper x-ray tube and iron as the specimen,
Tungsten peaks are not troubled by this affect since gecondary
fluorcscence {s scarcely detectable for values of AZ larger than
5 (Klug and Alexander, 1954).

In order to determnine the concentration of tungsten present
within tungsten-iron regions, a tungsten concentration versus relative
percentage intensity curve was neeued. Eleven compacts were prepared

for this purpose. Tungsten and iron powder (-325 mesh) were accurately
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veighed out, thoroughly mixed, and cozpressed (40,000 psi) to give
a mechanical mixture of tungsten and iron. The weight percentages
of tungsten in these tungsten-iron compacts were O, 10, 20, 30, 40,
50, 62, 69, 80, 90, and 100 per cent respectively. X-ray diffractiomn
patterns were made of each of the eleven compacts. The relative
percentage intensity as indicated by the highest tungsten peak
(20 = 40.42, d = 2,23) for each comwpact was plotted against its
weight percentage of tungsten, in Pigure 21. The concentration of
tungsten present in a tun; ten-iron mixture can be found directly
from this figure {f the height of its tungsten peak (d = 2.23) {s

known .

4.332 Heat Treatment Effects on the Tungsten-Iron Region

With further reference to the four specimens (Nos. 49, 50,
54, and 58) mentioned in Section 4,321 which were designated for
x-ray diffraction studies, one speciwen (No. 54) was dealt with
as follows:
1. The outer layer, the tungsten-iron amixture, vas
surface ground tc provide a smooth surface for x-ray

diffraction studies.

[
.

After the costing prccecures, an x-ray diffractioc
pattern was obtained on 'he smooth tungsten-iron
surface,

}J. The specimen was heat (reazed for three¢ hours at
$50%C in an icert stmosphere {Argon) and the x-ray

proc=sure fellowed {n step No. 2 was repested,
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4, The specimen was heat trested for another six hours
at 950°C and the x-ray procedure followed in step

No. 2 was repeated.

Specimen No. 54 was then heated in #n induction furnace under
a vecuum to 1500 + 25°C, This treatment was the same as that given
the three compacts used as standards in Table V. Specimen No. 54 was
cooled vhen the coating began to melt. The same x-ray diffraction scan

was made on this coating as was used on the standards described above.

4.333 Tungsten Concentration Gradient

Iwo general types of coating techniques were sealected for
evaluation of the tungsten concentration {n the tungsten-iron region.
The first type (as used to ccat Spc:imen No., 49) was the result of
gradually increasing the pressure of the pusher gas connected to the
tungsten powder hopper while maintairing a constant precsure of 15 psi
on the iron hopper during the costing proced re. Once the pressure
to the tungsten hopper reeched 15 psi, the pressure on the {ron hopper
was slowly reduced to zerc. The pressure to the tungetern hopper wes
{mmeciately cut off at this point so that the tungsten-iren regic:
would not be completely covered bv & pure tungsten laver. This _ontrol
made e tungsten-iron reglon accessitle tor x-rav diffracticn stucles.

"he second wathod of depositing & tungsten-iron costing was
used on Spec.mens No. 50 and No. 58. Tvo layers of iron were cepositec
o these two specimens at a hopper pressure «f 20 pst. Tuiz vas
foll~ved tv the immedia‘e {njecticn of tungsten pow'er fufo the plasms~

J-t at s borper pressure of 10 j-{. Thi{s resultec in four tuagsten-iren




35
layers of varying composition over two iron lavers on doth specimens.
The coating procedure was then terminsated to provide accessibility to
the tungsten-iron layer {cor x-ray studies.

The three above specimens (No. 49, N . S0, and Mo $&) were
pre-heated at nearly the sswe temperazture {see Table VI), furnace
cooled from 950°C after coating, end heat Zreated for one hour at
950°C (furnace cooling rate - 7 i/2°C/min.). A smeoth surfac: was
obtained on the costrd side of these specime~s by surface grinding.
X-ray diffraction scang were made on thege amoorth surfaces. Each
specimen was surface ground and x-rayed severn more times. The
concentration gradient of tungsten in the tungsten-iron lavers was
easily viewed by plotting the distance from thke {nterface egainst the
relative height of the highest tungeten peak (¢ = 2.23) detected at
that distance (see Figure 22). The weight percentage ol tungstzn is

also shown in rfigure 22 as deterazined frow the curve of Figure 21.

4.34 Thermal Shock Test

The plasma-jet {tself provided the rtermal shock needed to test
the bond strength of the coatinga. The primary reason for this tesr?
was to check for spalling. The 2tfect of coating thickness op ""time
o: burn through'' was ¢f seconcdary impcrtance. The 'time of burn
through' is defined as the time required for the plasma-iet to burn
a hcle completely through a specimen positioned peroencicularly {n
front of the plasma-jet stream.

Tests were concucted primaviiy in the norasl atmosphere. The

test specimens were poaitiened perpendicuiar to the pigsma-iet streanm,
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The stand-off distances and the consule settings lor these tests were
vetermined by first burning through thin sheets of tungsten snd 1020
steel plates. The selection of stand-off distarce and conscle settings
wag made on the basis of "time of burn through' ceta collected curing
Firings 69-86 (see Teble VIs). A stand-cff Jdistarce of two iuches with

a pover input getting of 700 amps allowca sufficieant "time tor burn

through'" such that eriors iutroduced by menual timing were ingignificant.

Seven specimens coated with a gracded tunpsten-iroov coating
were preparcd for thermal shock studies. The coating procedure which
produced the best coatings previously examinad war empioyed in the
preparation of these specimens (see Table VIb)., 71he geven specimens
were heat treate¢ after coating for one hour at 950°C and furpace
cooled (7 1/2°C/min.).

The same method for depositing tlie three different coating
leyers was followed as that Jescribeu for specimens No., 50 and No. 56
in Section 4,333, ..e coating tiwe for the tungsten-iron layoers was
varied from 19 to &Y scconds., ne coating times for the iron and
tungsten layers ware the same for 2ach gpecimen (eee Table VIb),

Thermal BhO;k tests were made or six ;f these specimens. The
same gettings and conditions were used as those given for Firing Nos,
77-82 in Table Via.

Specimen No. 65 was prepared under the same concitions as the
aix specimens uscd in the thermal ghock tests. It was used for

microexsminatior &nd a microhardness survey,
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4,35 Mechanical Shear Test

A sensitive mcethod was needed to test the .usion bond strength
between the substrate and its coeting. It was felt that such a method
might indicete the effectiveness of heat treatments and the advantages
of <ifferent coating techniques. osince coatings frequently fall under
shear stresses, it appearec that @ mechanical shear test would provide
the most teneficial data, A literature search lec to the mechanical
shear test cescribec below (Metallizing Engineering Coapany, 1957).

Figure 23 shows the coaponents needed for this m chanical
ghear test. The cylircers were machined from 1020 gteel bar stock
{see Figure 23a). The jig usec to move the flac specimens in &
uriform ziz-zag fast ion was m.ified to handle these cylinders. The
jlg rotated the cylinders while passirg them back and forth through
the plasma~-jet.

The same coating procedure was fcllowed as that described in
Section 4,33, The cyl?! .ders were plasma-jet pre-heated below the
first transformation temperature of steel (725°C), coated with pure
iron, and then furnace cooled from 950°C {p an inert atmosphere
(Speciwens No. 103 anc 113 were eir ccoled). The coated c¢ylinders
were machined as indicated in Figure 23b., The ms&chined specimens were
finally forceu through the di: shown in Figure 2)¢. An Instron tensile
tester was used to record the compressive load required to shear the
coating from the cylinder (see Figure 23d). The histery of each

specimen was correlatad with its shear leoad,




<k A A Smees - et

The msximum shear strength of thirty speciwens was obtained
from the mechsnical shear test procecure described above., Figure 24
indicates the method used in obtaining the maximum shear strength
values from the two general types of curves recorded on the Iunstron
strip recorder during the mechanical shear tests., The curve fer

Specimen ¥o. 97 indicates ductile tehavior, The iron coating spalled

off gradually. This resulted in numerous peaks as shown in Figure 24,

The curve for Specimen lLo. 103 represents brittle {racture. The iron
coating was sheared off abruptly.

The first six specimens (Nos. 87-92) of the thirty-four
specimens coated vith iron were not coatec in ou ivert atwmosphere,
The last four specimens (Nos. 117-120) were coated and then sectioned

for alcroexamination,
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5. RESULTS AND DISCUSSION

5.1 In General

Of the three coating methods developec during this investiga-
tion, the graded coating of tungsten-iror on 1020 stecel proved to be
the most effective, The previous development of the other two coatings,
however, was beneficial in establishing the wethod used to produce the
tungsten-iren graded coating. Petailed results obtained dering the
evaluation of the three coatings are uiscusgea in the following sub-
sections. The initial evaluation of each type of coating was
accomplished by microexamiration. The results from the other evaluation
tests used to study the three types of costings are consicer=2¢ in the
order that the evaluation tests were appliec. Discussion of the
racioactive tracer technique has been placed at the end of the report
in view of the fact that it was not applied to the three types of

coatings developed cduring this inveatigation,

5.2 Plasma-Jet Sprayed Coatings

5.21 Tungsten Coating on 1020 Steel Substrate

The plasma-jet control settings used to deposit tungsten on
1020 steel substrates are sumnarized in Table Is. The results obtained 4
from microexamination of this first type of coating are summerized in

Table [b, Column 9 in this latter table indicates whether or not the
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coating spallad during cooling. Specimens pre-heated below 531°C
did not spall while those specimens pre-heated at 602°C or above did
spall during cooling.

The evaluation of the coatings by microexamination was based on
the four items that head Columms 5-6 in Table Ib. Figure 25
provides a vigual fllustration of the terus '"laminar layers" and
"coating porosity' referred to in Table Ib, Figure 26 illustrates
the meaning of the terus 'tungsten penetration' and "extent of
oxidized coating." The amount of tungsten that penetrated through
the oxide layer at the interface and into the 1020 steel surface
indicates the relative amount of tungsten penetration reported in
Table Ib, The fine grains at the regions of tungsten penetration are
to be noted. Their presence resulted from surface recrystallization
of the cold-rolled steel trought on by the hot tungsten which penetrated
the surface (see Figure 27).

Microexamination of the specimens which had been coated {n a
fnert atmosphere revealed less porosity, less oxidation, and finer
lawminar layers than those which had been coated in the normal atwosphere
(see Figure 2°). In the former, a significantly larger amount of
tungsten had penetrated through a very thin oxide layer at the interface,
Within these regions, recrystallization had occurred, and what appeared
to be a2 thin alloyed layer (merallic red luster), formed between the
eteel and the tungsten coating (see Figure 29).

Figure 30 {llustrates the relative increase in the density of

the sprayed tungsten (on Specimen No, 18) when the power input to the

T T e
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plasma-jet was increased some 52 per cent above that for the previous
specimens.

The boud between the gprayed tungsten and 1020 steel substrate
was, in general, weak &nd brittle. Sudden heating or a sharp blow with
8 hammer caused this type of coating teo spall, The first attempt to
overcome these difficulties was tried through the development of the

tungsten-1020 steel graded coating.

5.22 Graded Coating of Tungsten-1020 Steel on 1020 Steel Substrates

Table lla gives the plasma-jet control settings, pre-heat
temperatures, hopper pressures, anc particle sizes of the powder used
during each firing. This tablc aleo indicates which of the coatec
specimens were microexaminad and which coatings spalled during cooling.

Microexaminations were conductec on the tungsten-1020 steel
graded ccatings for three main reasons: (1) to ascertain whether a
good graded coating was being deposited by the dual powder-feeding-
system, (2) to compare the amount of oxication that occurred at the
interface of specimens clcaned chemically with those specimens cleaned
mechanically just prior to coating, and (3) to determine the type of
bonu that was developed at the interface. The results obtained from
these microexaminations are as foliows:

Figure 1 illustrates the best graded coating developed during
this phase of the investigation. Even this coating, however, lacked
the desired unitorm gradient varyi~g from 1020 steel at the interface

to 100 per cent tungsten at the outer surface. Frequent difficulties
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encountered with the powder-feeding system “uring socme of the firings
caused complete segregation of the two metals being coated as
fllustrated in Figure 32, Such studies enabled the dual powder-
feeding-systemto be modified until {t was capable of depositing
graded coatings which surpassed in uniformity the one shown in
Figure 31.

The surface of the specimen cleaned chemically after mechanical
pelishing anc coated in an fnert atoosphere cisplayed larger amounts of
oxidation at the interface (see Figure 33) than specimens cleaned
mechanically and coated in the normal atmosphere (sce Figures 34 and
35) or in an ilnert atmosphere (see Figures 36 and 37). Evidently,
the inert atmosphere contained enough oxygen so that a chemically
cleaned surface could still be readily oxidized., On2 gpecimen was
coated in the normal atmosphere immediately after being cleaned
chemically, but was highly oxidized, probably due to a surface reaction
between residue from the chemical cleaning reagents and the oxypen. The
coating spalled as a result of this excensive oxidation,

Figure 36 shows the best gdhered coating produced during this
phase of the investigation, This specimen lacked good graded coating,
however, cue to powder-feecing difficulties, Examination at higher
optical power showed excellent fusicn at the interface between the
sprayed 1020 steel and the substrate (see Figure 37). Untortunately,
the 1020 steel powder used in coating this specimen was slightly
oxidized before the coating procedure got under way. This condition

permitted the formation of wost of the oxide layers observed within
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the coating and interfered with desirable grain growth between steel

layers and across the interface.

5.221 Effecte of Heat Treatments

Table IIb indicates the effects of two different heat treatments
on the microhardness of a tungsten-1020 steel graded coating on a 1020
steel substrate. Both the steel substrate and the coated steel were
stress relieved. The average hardness values of the costed tungsten
were not effected by these heat treatments.

There was no significant change in the microstructure of the
specimen heat treated at 650°C for one hour. However, in the specimen
heat treated at 950°C for one hour, (Figure 38), recrystallization anc
grain growth arc ~vident, as would be expected at this higher tempera-
ture.

In an attempt to eliminate carbides at the interface and withip
the tungsten-102C steel region of the graded coating, the 1020 steel
powder used in the coating procedure was replaced with pure iron powder.
This change resulted in the development of the tungsten-iron graded

.

coating.

5.23 Graded Coating of Tungsten-Iron on 1020 Steel Substrates

Tables IIla and IIlb give the plasma-jet coating data used
during the deposition of tungsten-iron graded coatings on 1020 stecel
substrates that were prepared for microexamination, microhardness
suiveys, and x-ray diffractien stucies. The maximum thickness of each

coating is slso given in these tables. The results of each of the four
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tyoes of evaluation tests conducted on the tungsten-iron graded

coatings is discussed in the following sub-sections.

5,231 Microexamination Studies

Figure 39 illustrates the typicel surface recrystallization
tiat resulted when specimens were pre-heated at temperatures below
the first transformation teamperature of iteel (72%°C), prior to being
coactad, Figure 40 shows the type of micrcstructure which resgulted
from a heat treatment after coating. It was notec that specimens
allowed to air cool after coating spallec {f they were not heat
treated within 24 hours. As a result of the post heat treatment,
however, grain growth occurred in the {ron coating, i the 1020
steel substrate, and across their common interface. Even graded
coatings which were as thick as the substrate {tself did not spall
after the coating procecure i{f they were immediately post-heated
and furnace cooled. Additional results of the beneficial effects of
heat treatments on this type of graded coating were obtained by
microhardness surveys and x-ray diffraction studies discusseda in the
next two sub-sections.

Figur: 4l shows the improved graded coating made possible by
the modified dual powder-feeding-system with the plasma-jet settings
used in Table IIIA. Figure 42 i{ndicates the faproved fusion and grain
growth across the interface of specimens post-heat-treated and furnace
cooled. These specimens, coatecd in an inert alaosphere, had relatively
fewer oxide layers compared with specimens coated in the normal

stwesphere (see Figure 40). This comparison again incicates the value
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of coating in an fnert atmosphere.
Figure 43 {llustrates the typical graded coating obtaine.

with the coating procedure used for specimens listed in Table IIIb.

5,232 Microhsrdnesg Surveys

The resuits of microhardness surveys taken across elever
tungsten-iron gradec coatings on 1020 stecl specimens, whose plas a-
jet coating data arve listed in Tables IIla and IIlb, are given in
Figures 11-20. Pigure 44 indicates the procedure used in obteining —
thegse microhardness values. The curves connecting the various types
of points shown in Figures 11-20C indicate the general haraness trends
in the 1020 steel substrate region anc in the graded coating region.
The broken line curves repregent harcdness trends after the coating
procedure and the solid line curves represent hardness tremds after
a hecat treatment, lHardness values taken after a haat treatment were
more uniform within any one region anc, in general, were lower than
those taken before the heat treatwent. This condition indicated that
th= {ron, steel, and tungsten had experiencec stress relief during the
heat treatment,

It 18 -0 Le roted that after the heat treatment the hardness
values of the iron tended to fincrease and those of the tungsten
tended to decrease ir the tungsten-fron region, This beaavior mav
be attributec to a conversion of turgsten oxide to tungsten during the
heat trestment. Since the free energy of formation for iron oxide {e

spproximately twice that for tungsten oxide (Kubaschewsk! anc Evans,
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1958), oxygen taken up by the tungsten particles during the coating
procedure would tend to migrate to the iron during the heat treatwments.
Sucih a process would account for the decreased hardness of tungsten
ana the {ncreased harcness of f{ron in the tungsten-iron region and for
the retained hardness of the tungsten in the pure tungsten layer after
heat treatment (sec Figures 11-20),

Although x-rayv ¢iffraction studiesg {ncicate the formation of
a solid solution of iron anc¢ tungsten in the tungsten-iron region
during heat treatment at 95L°C (discussed in the next sectioun), the
oxygen migrati.v mentioned above, which increasec the haruness of the
{ron component, masked any normally expected ficrease {u tungsten

hardness by solid solution hardenins.

5.233 X-Rgy Diffraction studies

X-ray diffraction stucics were concuctec on the tungsten-iron
region of the tour specimens specially preparec for this type of
exasmination, The regults ot the two cbjeciives fuvestigatec by
x-ray cviffraction techniques are discussed in the followiny sub-

sections, S.2)31 anc 5,232,

5.2331 Detection of Components, iresent in tne Tungsten-Iron Regior

From the four tungsten-i{-:n slloy specimens preparec for
x-ray d¢i{ffraction standards, the relstive peak {utensities or the
four constituents prese-t are liste: i~ Table Va. 1Tt {5 apparent troa
these reguils that as the weight percontage of tungsten jfucreasec the

amount of the interwetallic compounc Fe.. decreasc. anc that o: Fe,m
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increased. The "d spacings' obtained for these two compounds agree
with the A.5.T.M, Diffraction Data Cards. The results obtained from
these standards were compared with x-ray diffraction patterns taken
on the tungsten-iron regions of the plasma-jet sprayed ccatings
specisily prepared for x-ray diffraction studies., In the latter, no
peaks corrasponding to intermetallic compounds were evident {ndicating
that the coatings were a mechanical aixture of tungstec and iron only.

The effects of heat treatments on the x-ray diffraction
pattern of the tungsten {iron region are listed in Teble Vb, The '"d-
spacing' {ncreas:d with {ucreasing tiwme at the listed temperature for
each x-ray int _asi'y peak recorded. Thrre wvas a decrease in the
relative hafghts ~ the tungsten intensity peaks with increasing time
at the listed teapers.uie., The intensities of the iron peaks remained
constant o: increasec., The shift cf '"d-spacing'" and decrease in
tungsten intensity strongly suggest the formation of a solicd solution
during the heat treatments (Klug an: Alexander, 1954).

Only a trace of Fe,~ was disclosed by x-ray diffractioen

6
studies on the tungsten-iron region atter it had been partially melted
at 150C + 15°C. There sre two md jor dissdvantages in obtaining an
intermetallic compounc or large amounts of solid solution by melzing.
They ar= (1) disteriior, #nd (2) loss o strength of the substrate,
both of which would resuit from any hes:ing at such an elevated
teaperature. Lack ¢f any alloying or compound tormsticn between the

tungsten and fron {s asttributed to rthe short resicenca time of these

metal pazticles in the ;lasxa-jer streanm.
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5.2332 Tungsten Concentration in the Tungsten-Iron Region

FPigure 22 {llustrates the tungaten concentration gradients
obtained for the two different coating procedures described in
Section 4.333. The ordinate on the right side of this figure
corresponds with the abscigsae in Figure 21. The ordinate on the
left side corresponds with the ordinate in ?1gure 21,

The maximum peaks shown in Figure 22 for the curves of
Specimens No. 50 and No. 58 were the results of the initial surge
of powder from the tungsten powder-hopper when it was {irst turned
on., A steady flow of powder was not esteblished for several seconds
according to these concentration ¢. ves. By increasing the power
fnput to the plasma-jet by 18 per cent, the tungsten concentration in
the tungsten-ircon region was nearly doubled, increasing as it did
from 32 to 70 per cent tungsten, as indicated by these two curves.

The ccncentration gradient of tungsten in the tungsten-iron
region wes greatly improved by using the coating technique described
in Section 4,333 for Specimen No. 49 as indicated in Figure 22,
Unfortunately, the conditfons present during this coating procedure,
vhich involved low pushing preisure on low-melting metals, favors
clogging &t the injection orifices in the Flasmatron head and is,

of course, detrimental to the coating procedure.

5.234 Thermal Sheck Tests

The plasma-jet coating data for the tungsten-iron graded

coatings on 1020 steel specimens which were prepared specially for




49
evaluation by thermal ghock tests are listed in Table VIb. Figure
44 shows the typical type of coating deposited for these thermal
shock tests. The tungsten layer is approximately twice as thick as
the iron or tungsten-iron regions. This thickness correlates ~losely
with the coating-time used in th: application of these coatings to
the 1020 steel substrates (see Table VIb).

The "burn through times" obtained from the thermsl shock
tests are entered in Column 13 of Table VIb., None of the tungsten-
iron graded coatings spalled during the thermal ghock tests. The
"time of burn through'" was increased by approxiwmately two and one
half times that obtaineu for ateel speciwmens which were not coated.
The improved resistance tc spalling demoustrated in these severa
thermzl shock tests indicated no need for the development of furiher
heat treatments directed toward forming sdditional bonds between iron
and tungsten particles. This indication was confirmed by exploratory

heat treatments (5.2331).

5.3 Mechanical Shear Tesgt

The mechenical shear test was applied to 1020 steel cylindrical
specimens whose exterior surfaces had been coated with iron rather than
vith a graded coating of a tungsten-iron mixture, aas explained in
Section 4.35.

The plasma-jet coating data for the thirty-four specimens
prepared for mschanical shear tests are shown in Table Vila. The

heat treatment of each specimen sfter the coating procedure and just 3




prior to shear testing is given in Table VIIb., The maximum shear
strengths of the thirty specimens tested are given in both of these
tables., Figure 24 {liustrates the method used in obtaining the
caximum shear atrength values from the two general types of curves
recorded on the Instron strip chart recorder during the mechanical
shear tests. Specimens that displayed brittle fracture have g syabol
after their Firing No. in Tablee VIIa and VIIb., The maximum shear
strangths in pounds per square inch, shown in the last columns of
Tables VIIs and VIIb, were calculated from the totsal coated area
(1.57 square inches) and the maximum compressive loads (puunds)
applied during the shearing operation. The shear test data collected
in these two tables have been plotted in Figures 45-49,

Figure 45 shows an increase in costing thickness with increass
in the power input for thraa segparate coetiug tluwes, The 37 seconds
(coating time) curve approached an upper 'imit 1in coating thickness.
By estimating the highest point on the 37 seconds curve to be at 75
per cent of its maximum, it was posaible to establish a relative
percentage figure, which might be called a 'coating efficiency.”" Such
a '"'coating efficiency' 1s defined as the actual coating thickness
divideu by the wmaximum theoretical coating thickness possible fo;
given plasma-jet settings and a particular ccating time.

In order to extend the estimation which provided « 75 per cent
efficiency valve for the 37 sacond curve tu the curves for 74 seconds
and 111 seconds coating time, it seewed logical at this poir* to

assum. that doubling the coating time would double the costing thickness,
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as indicated in Columns 1 and 3 of the following tabulation. The
measured coating thicknesses (Column 2) then provide corresponding

relative afficiencies (Column 4).

Curve Costing Costing Thickres . Relative
Thickness at 100 /o Bff, /o Eff,

Col., 1 Col. 2 Col.3 Col. 4

37 seconds .0io .0132 75 (estimated)

74 seconds .015 0264 56.9

111 seconds .0195 L0396 49.2

Note: Increase in costed area during the coating procedure
vas small enough to be neglected.

The above calculations suggest that even *“hough coating time
is doubled or tripled for given conditions, "coating efficiency' does
not increase corregspondingly.

Figure 46 shows more dramatically the effect that power input
has on the coating thickness. According to the slope of the curves,
the most significant increase in coating efficiency occurred between
the 650 ampere curve and the 850 ampere curve, Figure 46 also
emphasizes the fact that the coating thickness is not a linear
function of the coating time,

Figure 47 shows the increase in the ultimate shear strengths
obtainec as higher power input settings to the plasma-jet were used
to ceat iron on the 1020 steel test cylinders. This effect was
" observed for specimens coated in both types of coating emvironments

"used. The ultimate shear strengths of specimens coated in an inert
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atmosphere were superior to those coated in the normal atwosphere.

This condition wes obviously due to the increased oxidation that
occurved during tha coating procedure in the latter case. A

distinction between specimens coated for 37 seconds and for 74 seconds
vas made in Figure 47. The shear strengths of the thicker coatings

(74 seconds) were lower for specimens coated in the normal atmosphere
than they were for corresponding specimens coated in an fnert atmosphere.
However, the general trend of the shear strength versus power {nput
curves was not materially affected by the above differences in coating
thicknesses.

It {8 evident froem Figure 48 that the heat treatments
performed on the shear test specimens after the coating procedure
slso affected the ultimate shear strength. Higher ultimate shear
strengths were obtained {rom specimenas furnace cooled from 950°C than
from those specimens air cooled or heat treated at 650°C after the
coating procedure. Significant increaszes in ultimate shear strength
and ductility were obtained when specimens were heat treated at 95C°C
after the coating procedure. The rapid decrease in shear strengti,
nhown‘by specimens that were heat treated at 950°C for mere than five
hours, was attributed to excessive grain growth. Detatled curves
that {ndicate the effects that two heat trestments, one just below
the lower critical temperature of steel (723°C) and the other just
sbeve the upper critical temperature of steel (9109C), have on the
uitimate shear strength of iren ceated specimens are given in Figure

49.
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Ags mentioned previously, this shear test, which was conducied
on iron-coated .pecimeng rather thzi: tungsten-iron coated specimens,
was investigated to establish its general value as a useful tool for
testing plasma-jet coatings. It was not the {ntent of this {nvestigator
to use this test as a means of finding the best possible heat treatment
or coating technique for tungsten-iron graded coatings on 1020 steel
sustrates. Rather, the shear test wags developed as an indication of
resistance to spalling under thermal shock to provide a means of
revealing the degree of improvement which would be imparted to a given

coating by a parx cular heat treatment.

5,4 Radisactive Tracer Technique

The preliminary investigations that were conducted on several
refractory materials whose melting points are above 2800°C, (tungsten,
tungsten carbide, tantalum, tautalum carbide, and zirconia) and a
selected variety of steels (1017, 1040, 4140, anc 8640) indicated the
usefulness of the radiocactive tracer technique to study the aiftusion
rates vf refractory coatings into steeis. The controlléd diffusion
investigation of tungsten into 1017 steel described {n 5. ction 4,31
confirmed these results and enabled establishment of a standard
procrdure ~chich might be followed in investigating diffusion produced

by the Plasmatron equipmmni, Figure 10 shows the conversion curves

which have been developed for counts per minute versus weight of tungsten.

Such curves will enable the determinatian of the tungsten concentration
{n the glvan specimens {f the nuster of counts per minute and the cross

sectionel areas of the specimens being investigated are known.
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Controlied diffusion studies of plasma-jet sprayed tungsten
into steel were nut conducted curing this investipgation because the
investigation concerned itself with graded mixtures rather than pure
elements, in view of the greater pronisc incicated by the mixed type.
Further, the presence of oaide layers and inclusions, unless
eliminated by improved coating tehculques and equipment, would act
as obstructions and would have grea: c¢ifect or the reprocucibility

of viffusion rates.




., CONCLIS IONS

The observations mace anu the results obtsined vuring this
investigation have c¢nabled the {ollowing conclusions to be drawn:
1. Extensive fusion will take place betsecen plasma-jet
rprayec 1020 steel or iron and a 1020 steel substrate
i1f tnore are no oxide layers present at the interface,
2. It is posaible te fora an intermecigtc alloy hbetween
tungsten and steel with the plasma-jet. However, even
very thir oxide layers on the surface of these metals
will prevent the formaticn of this intermediate alloy.
J. Coating tungsten directly on steel will not produce
a thiclk enough intermediate sllov zone, hatween the
steel ane the tungsten coating, to provide an
expansior gradient that will v{thstand sevece thermal

snock conditions,

&

The hotter and more plaatic that the tungsten particles

gre just before striking the substrate, the greater {s

the dengity of the coating.
5. The cdensity of the tuugstein coating 1e fwproved by deposit-
ing the tungsten on the steel {n an inert atmosphera.

A, Fusion bonding {s increased at the interisce oi a plisma~

jet sprayed coating of tungsten, iron, or steel substrate

i1f the subrtrate {s pre-hested below the tirat travaforustion
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i1,

12,

13.

14,

15,
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temperature of steel,
Hest treatments =t 950°C will increass the fusion
bonc at the interface of the jraded coatinis on
1020 steel substrates.
There {s no apparent advantage to bh=~at treating
graded coatings of tungsten-iron on 1020 steel
substrates at 950°C for more thar one :our.
The graced ccatings discussed in this investigation
will not spsll after the ccating procedure if they
are immediately heat treatec and furnace cooled.
The coating efficiency is msinly cdependent on the
power input to the plasma-jet. The coating efticlency
is increased with increaseu power input.
The ccating effi:iency decreases with increasiug
coating time,.
The mechacical shear test is a satisfactory method of
testing the shear strength of plasma-jet sprayed
coatings.
The ultimate ghear strengths of spscinens coeted in
an inevt stmosphere are aupericr to those uf gpecimeus
cogted {n & noraal atzosphere,
Higher ultimate shex. oscrengths can be obtained as
higher power input settiags to the lasma-jet arse
used when coating iron on 320 steel cyitncers.
Diffsrerce in the costiuvg thickresses of ths ehear

test specimens will rot affect the jrnerai IZrends
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being investigated by this mechanical shear testiug
methoc.
The tungsten-iron gradiated coating on 1020 ateel substrate
ccia withstand extreme thermal shock conuitions without

spalling.




RECOMMENDATIONS

It {s believed that the equipwent used in this i{nvestigation
ceuld be improved. The stwecspheric chamber requires excessive inert
gas to establish an inert atwosphers. A vacuum chamber large enough
to contain the sawme eguipment used insi.e the present chamber would
be nmore desirsable, This vatuum chamber should have at least two glove
52?%; or a pair of mechanical hands, A larger access docr anc an
{nterlock chamber would increase working efficlency.

The present feeding system ctuses clogging of the injection
orifices and does not allow sufficient residence time of coeting
powders in the plesms-j-t. Both of these difficulties coulc be
eliminated with & commercialily aveilable modulator asscembly. A
mechanical powder-feed system should be adapted to climinate
fluctuation in the feeding rate causec by the hydrostatic head
varistiors in the present pregsure-hopper feed system. The preseut
feed system could not be controlled sufficiently to permit desirec
dispersion of tungsten in the tungsten-iron region to be obtained.

Increzsed fusion bouding without distortion of the steel
might be possible if the entire substrate were to be pre-heated to
950°C and immediately coated. This procedure might be sccomplished
at the end of any heat trestment normally given & steel if slow
cooling cculd be tolerated. A plaswus-jet and supporting equipment

adapted to an inert atmospheric furrace would provide the meane for

58




this procedure,

The versatility of the plasma-jet gun could be greatly
increased {f st least an 80 kilowati power supply vere available.
This increase would allow the use of inert gases other than argon
ir the gun to estabiish the pleena-jet. Tre maximum coating

efficiency could then also be obtained for most coating materials,

L
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Table IIb

MICROHARDNESS SURVEY OF A TUNGSTEN-1020 STEEL
GRADED COATING ON 1020 STEEL SUBSTRATE

Vickerg Dipmond Pyrami{d Hardnegg - 100 g load
Condition of
Specimen No. 30 1020-Steel Coated 1020 Coated
Plate Steel Tungeten

Col, 1 Col, 2 Col. 3 Col, 4
As coated 146 205 464
Heat Trested at
650°C - 1 hour 110 149 464
Heat Treated at
950°C - 1 hour 108 146 464

FE



Table IV

COUNTS PER MINUTE VS. WEIGHT OF TUNGSTEN

Weli;ht Counts per Minute Spectrum
Specimen Tungsten Pegky of Tungsten

No, (gm) .686 .480
1 L0002 133,215 44,558
2 0006 184,399 130,972
3 .0012 258,436 186,043
4 .0015 315,794 234,223
5 .0028 493,633 367,240
6 .0035 579,400 434,709
7 .0056 873,086 65C,081
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Table VIla

SUMMARY TABLE OF PLASMA-JET QDATING DATA POR >HEAR 1EST SFECIMENS

Piring L Congolg Petting (:MWF_&_M________1 Kaximus
No. Arc Gas Powver inng; Thick- | Shear
Flow Variac 1 Time ness S;:ﬁgg;h |
Meter | pei | Setting| Amps (sec.) {in. ) | 1b.]| psi
87 3.5 100 2.9 500 37 L0045 1480 942
88 3.5 100 4.0 650 74 .008 1440} 918
89 3.5 100 2.9 500 74 .006 1070} 682
90 3.5 100 4.0 650 37 .007 1430 911
91 ¢ 3.5 100 5.5 850 37 .009 194011239
92 3.8 100 5.5 850 7% 012 620 395
93 3.5 100 2.9 500 74 D07 255011695
94 3.5 160 6.0 850 76 G2 35002235
95 3.5 100 2.9 500 kY 005 230011525
96 3.5 100 6.0 850 37 RORYY 2850|1815
97 3.5 100 4.0 650 37 .007 235011495
98 3.5 100 4.0 650 74 .0085 320012045
994 3.5 100 6.0 850 74 ;013 2200|1400
100¢ 3.5 100 6.0 850 7% | .01l 19001210
101 3.5 100 6.0 850 74 - .012 402512560
1024 3.5 100 6.0 850 74 l .012 1450 922
103¢ 3.5 100 6.0 850 74 011 1080 688
104 3.5 100 6.0 850 74 012 3800 (2420
1058 3.5 100 5.0 850 74 .013 220011400
106 3.5 100 2.9 400 74 .005 202011285
107 3.5 100 6.0 850 74 012 252011605
108 3.5 100 6.0 850 111 .014 3250 {2080
1C9 ¢ 3.5 100 6.0 850 74 .011 1170 745
110 3.5 100 6.0 850 74 011 1500 | 955
111 3.5 100 6.0 850 74 .012 | 375021390
1124 3.5 100 6.0 850 74 .010 ¢ 177511130
113 3.5 100 6.0 850 74 011 820} 521
114 3.5 100 7.9 1000 74 .016 492513140
115 3.8 100 2.5 400 37 .0035 17251100
116 1.5 100 7.5 1000 37 .010 467512980
117 3.5 100 .0 650 111 .0085 cmme e
118 3.5 100 7.9 1000 111 0195 eeafo---
119 3.9 100 2.5 400 111 .00% LR R
120 3.5 10¢ 2.9 500 111 .007 R EE N PR
- 1

Stand-off Distance - 6 1/2%
Pre-hested to 500+ 25°C

# Specimen that displayed brittle fracture under shearing stresses




Table VIIb

SUMMARY TABLE OF SHEAR TESTS

75

History of Coated Specimens Before
Shear Test Maximum
Firing Shear
No. Alr Furnace| Hours Hours Strength (C
Cooled | Cooled | Heat Heat
From Treated | Treated
950°C at _650°C | at 950°C Ib . psi__ |
87 * . i 1480 942
88 * L 1440 91&
89 * 1 1670 682
90 * 1 1630 911
914 * 1 1940 1239
92 * \ 620 395
93 * 1 2550 1625
94 * ] 2506 2235
95 * 1 2300 1525
96 * 1 28506 1815
97 * ! 2350 1495
98 * 1 3200 2045
Y9 * 2200 600
100¢ * 1 1900 1210
10! * 1 4025 2560
102¢ ‘ * 3 1450 922
1039 1080 688
104 * 3 3800 2420
105¢ * 9 4200 1400
106 * 1 200 1285
167 * Y 2520 1609
108 * 1 3250 2080
1097 * 1170 745
110 * 1 150C 955
111 * 5 3750 21390
128 * 5 1775 1130
1138 820 521
114 * 1 4925 JleE
115 » i 1729 1160
116 * \ «675 29580
117 * .-u- con-
118 * . o
116 * .- P
1290 * | .- —.m-
1_

# Specimen that dispiayed btrittle fracture under

shearing stresses.

@ 0.05 in/ain. strain rate
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Figure 2. H-50 Flssvatron Head Assembly Supported or Top of the
Console and Connected to the Atmosphere Chamber. A
stainless steel O-ring makes this connection atir tight.
Nitrogen gas pre-heater and working pressure gauge
ars shown in the background.
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Figure 3,

78

Flasmatron Consule Fanel. The two variable transformers
on tcp of the console supply the power to the nitrogen
gas pre-heater and the tubular furnace mounted {nside the
chamber.
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Figure Sa., Plasmatron Egquipment and Inert-Atmosphere Chasmber. Rattery

resistance-heating systems is on top of the -hambe:. Ultra-
violet shizld was remove! to show powder hopper ingide tha
chambey .




Figure Sb.

8l

Rear View 0of Inert-Atmospnere Chamber. The ultrsviole:
shield is in place. The {nternsl lighting system (s
shown on top of chamber. Three argon bottles are located
near the corsole., Two bottles supply the two powder
hoppers and the third bottle suppiies the plasma-jet.

g e . e e -

v




47

| f

X

— 1

i

ko 9| 9

s

|
~—J——

e




Scale 1" = 12¢ The University of Arizona

Name

Date 2-20-61 Plasmstron Inert
Drawe
3 R.L.L. Atmospheri: Chesber
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Figure 5. Schemstic Blueprint of Atmospharic Chamber
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Figure 6.

Jig with Assembly for Positioning 7' x 2" x 1/8°
Plate in Front of the Flasma-Jet. Protection
cahinet for jig has been removed.




FPigure 7. Jig with assembly for positioming 1" dia. x 1" long
cylindev+ used for shear tests. Protective cabinet
for jig has been removed.
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Temperature (°F)

0 1 | L 1 .
0 30 10¢ 150 200 230

Plasma-Jet Pre-Heat Time (scc.)

Figure 9. Typical t{ze-temperature curve for 1020 steel plate
specimens (7" x 2" x 1/8"), pre-heated with the plasma-
jet, Specimen was 6-1"2" from front electrode (Argon
flow meter st 1.5 (10C pei) and vartable transf-rmer
set for 850 a~ps).
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Figure 11. Microhardness survey of a W-Fe graded coating on 1020-Steel
plate (7 x 2" x 1/8").
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plata (7" x 2" x 1/8").
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Pigure 25.

102

Tungaten
Coating

Oxide Layer

1020 Stesl

Specimen No. 7 Preleated to 530° C and Then Coated With
Tungsten Powder (+34:5 mesh) in Ailr,; Etched with 3 per

cent Nital for

10 sec.

(125x) .
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Figure 26.
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Tungaten
Coating

Jxide Lsyer

1020 Steel

Cm s AnCn , - e e
Specimer MNo. 7 Preheated to 530 C and Then Ceated With
Tungsten Powier (+325 west) i{n Alr; Etched vith 3 per

cent hital

for 10 sec.

(700x) .
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Tungsten
Coating

Ir~ermetallic
and oxide

A

1yer

1020 Steel

Speciwen No. 10 Fratieated ro 485° C and Then Coated with
Tungsten Powder (+325 mesh) in sn Inert Atmoasphere;
Etchhed with 3 per cer: Nital for 10 sec. {(700x).
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Pigure 28. Specimen No, )1 Preheatsd to %08° C and Then Coated
vith Tuagsten Powder (+325 mesh} in an Inert Atmose
phere, Etched with 3 per cent Nital for 10 sec. (125x}.
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Tungsten
Coating

Intermetallic
and oxide
layer

1020 Steel

Figure 29. Speciwen No. 11 Preheated to 508°C and Then Coated
with Tungeten Powder (+325 mesh) in an Inert Atmoae~
phere; Etched with 3 per cent Nital for 10 sec. (700x).
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Figure 30.

A Cross-Sectional View of the Coating That Spalled
From Specimen Ne. 18 During Cooling (As Polished,
125x).




Figure 31,

Tungsten
Layer

Mixture of
Tungeten
and 1020
Steel

The Spalled Coating or Specimen No. 21,
Graded Coating of 1020 Steal (+325 mash)
and Tungsten (+325 mesh). Etched with

3 per cent Nital for 10 sec. (75x).
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Tungsten
Layer

Sprayed
1020 Steel

1020 Steel
Plate

Figure 32. Graded Coating of Tungsten and 1020 Steel, Sprayed
on 1020 Steel Plate Pre-Heated to 487°C. in an Inert
Atmosphere (Speciwen No. 1§). Etched with 3 per cent
Nital for 10 sec. (75x).
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Figure 33.

i10

Sprayed
1020 Steel

Fusion Zone

1020 Steel
Plate

Graded Coating of Tungsten and 1020 Steel, Sprayed
on 1020 Steel Plate Pre-Heated to 487°C (Specimen
No. 19). Etched with 3 per cent Nitsl for 10 sec.
(1000x) .
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Mixture of
Tungsten
and 1020
Steel

[~

Sprayed
1020 Steel

1020 Steel
Plate

Figure 34. Graded Coating of Tungsten and 1020 Steel, Sprayed
on 1020 Steel Piate Pre-Heated to 348°C in Air (Specimen
No. 22). Etched with 3 per cent Nital for 10 sec. (75x).




FPigure 35.

112

Sprayed
1020 Steel

Fusion Zone

1020 Steel
‘- Plate

Graded Coating of Tungsten and 1020 Stesl, Sprayed on
1020 Steel Plate Pre-Heated to 348°C {n Alr (Specimen

No. 22). Etched with 3 per cent Nital for 10 sec.
(400x) .
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Figure 36,
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Tungsten
Layer

Mixture of
Tungsten and
1020 Steel

Sprayed
1020 steel

1020 Steel
Flate

Grauded Coating of Tungsten and 1020 Steel, Sprayed

on 1020 Steel Flate Pre-Heated to 701°C tn an Inert
Atmosphere (Specimen No. 20), Etched with 3 per cent
Nital for 10 sec. (75x).
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Sprayed
10.0 Steel

Fusion Zone

1020 Steel
Plate

Figure 37. Graded Coating of Tungsten and 1020 Steel Sprayed on
1020 Steel Plate Pre-Heated to 701°C in an Inert
Atmosphere (Specimen No, 30). Etched with 3 per cent
Nital for 10 sec. (1100x).




1020 Steel
Coating

Fusi->n Zone

1020 steel
Plate

Figure 38. Gradec Coating of Tungsten and 1020 Steel Sprayed on 1020
steel Ylate Pre-.ieated to 701°. {n an Inert Atmosphere
(Specimen No, 30). Heat treated for 1 hour at 950°C and
Purnace Cooled (15°C/min). Etched with } per cent Nital
for 10 sec. (150x;.
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Plasma-Jet
Sprayed Iron

Fe-1020 Steel
Interface

1020 Steel
Plate

Figure 39. Plasma-Jet Coating of Iron on 1020 >teel Substrate

{n an Inert Atmosphere. The substrate was pre-heater
to 490°C (5pecimen No. 34). Etched with 3 per cent
Nital for 10 scc. (400x).
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Plasma-Jet
Sprayed lron

Fe-1020 Steel
Interface

1020 Steel
Plate

Figure 40, Plasma-Jet Coating of Iron on 1020 Steel Substrate in
an Inert Atmosphere. The substrate was pre-heated to
490°C, (Specimen No. .4). The specimen was air cooled
and then heat treated for 1 hour z# 950°C. Etched with
3 per cent Nital for 10 sec. (400x).
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Tungsten Layer

Tungsten plus
Iron Region

Iron Region

1020 Steel
Plate

Figure 41, Tungsten-lIron Graded Coating on 1020 Steel Sabstrate
(Specimen No. 41). The substrate was pre-hested to
630°C, coated in an inert-stmosphere and furnace cooled
from 950°C {tmmediately after coating. Etched with 3
per cent Nital for 10 sec. (75x).

118

e A 2

i

et By bt

<F -

e

s



Pigure 42,
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Plasma-Jet
Sprayed Iron

"e«1020 Steel
Interface

1020 Steel
Plate

Plasma-Jet Coating of Irc~ on 1020 Steel Substrate
(Specimen No. 41) in an Inert Atmosphere. The substrate
vas pre-heated to 630°C; furnace cooled (7 1/2°C/min)
from 950°C {mmediately after coating, and heat treated
for 1 hour at 950°C and furnasce cooled, Etched with 3}
per cent Nital for 10 sec. (450x).
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Figure 43,
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Tungsten

Tungsten
Plus Iron

Iron

¢ 1020 Steel
Plate

W-Fe Graded Coating on 1020 Steel Substrate

(Specimen No. 53). Hest treated for 1 hour
at 956°C. Etched with 3 per cent Nital for

10 sec. (75x).
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Tungsten

Tungsten +
Iron

Iron

1020 Steel

Figure 44, W-Fe Graded Coating on 1020 Steel Substrate (Specimen
No. 65). Etched with ] per cent Nital for 10 sec.
(150x) .
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