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I ABSTRACT

Three methods for bonding plastm-jet sprayed tungsten to steel

I were developed and evaluated in an approach to the problem of providing

heat-resistant materials for the cesign and fab'rication uf comlponents

for hilh temperature applications.

Three types of coating were sprayed by plasma-jet on 1020

steel substrates: (1) an all tungsten coating, (2) a coating graded

I from 1020 steel at the interface to tungsten at the outer surface, and

(3) a coating graded from iron at the interface to tungsten at the

outer surface. By the latter two coating methods, a less severe thermal

I expansion gradient was developed between the substrate and the coating.

Pre-heating the substrates increased the fusion bond at the interface.

Po3t-heat treatments eliminated residual stresses within the coating

and promoted grain growth and diffusion -cross the fusion zone. The

tungsten-iron graded coating on the 1020 steel substrate displayo!d

I excellent resistance to shock and withstood high tempe!rature corrosion

conditions 2 1/2 times longer than uncoated substrates.

The investiga !on emphasized the potential of the plasma-jet

gun in providing a means for depositing a protective coating on a

I metallic substrate.

I
I
I
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1. INTRODUCTION

Tu contain and control high-temperature reactions and

proce .es, materials having exceedingly high melting points are

needed. Such materials and unique employment of them in engineering

I design amist be ueveloped to solve the high temperature problems

I encountered in current ýpece technology. It is only since 1940 with

the war-influenced Interest in power plants and faster aircraft, that

I dsigners have been confronted dramatically with the 'materials barrier'.

Up until recently, engineers designeo systems around the

I 'mterials 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,

rockets, and missiles has accentuated the need for superior materials

to vetlace :he alre•riy outdated "superalloys" of cobalt and nickel for

I high tcrrera&LLr applications. Materials that retain desirable

properties at 2000O° and higher are presently needed. Since the useful

service temperature for any material is approximately 0.6 of its melting

I point, researchers are interesced in materiala that have melting points

of over 1000 0F.

Researchers at the Battelle Memorial Institute have tabulated

122 compounds that melt at temperatures above 3272 0 F (1800 0 C). For

such service, metals are preferred because of their ductility. Though

3 the list contains eighteen metals or metalloids, only four metals out

*
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of the eighteen are usef'l for other than very specialized applications.

Of these, columbium and molybdenum will compete in applications between

18000F and 30000 F; tantalum and tungsten for applications above 30000F.

While highly pro:nisinp, the use of high density refractory metals

Introduces weiglt disadvantages and gives rise to consiu'erable fabri-

cation difficulties when 6esigners call for even slightly complex shapes.

It is no wonder, then, that considerable effort is being invested in

attempts to combine the good workability, lower density, and high strength

properties of steels, with the high melting characteristics of refractories

by the application of improved coating techniques.

A relatively new approach of considerable promise is the plhsma-

jet spraying of refra.-tories on steels. The typz of coatings in this

Caitegory, reported up to che present time, ara those which are bonded

nechanically to the base metal and do not withstand high temperature

corrosion and/or thermal ýhock. This deficiency has pointed up the need

for the development of more promising methods for coating steel. An

approach tc this problem has formed the basis for the investigation

r*ported upon in the following sections.
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1 2. EXPERIMENTAL BACKGROUND

There have been many coating processes developed to meet the

ever-increasing demands placed on materials by our rapidly-advancing

I 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

I design which utilizes both high pressure and high temperature (Linde

Company, 1959; Hash, Weare, and Walker, 1961) to spray oxidation-

resistant and temperature-resistant coatings on base materials

(Dickinson, 1953; 1Ind.! Compny, 1959).

Effective conditions are obtained when an inert gas at a

I pressure of approximately 50 to 150 pounds per square inch is ionized

'arc
by passing it through an electric are (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 pissma-jet, it

I is possible to transform the powdered materials into a plastic, molten,

or even a vsporized state by the time they leave the jet. Like

particles cf moat matertals are capable of fusing together under these

extreme conditions to form a well-bonded coating (Eisenlohr, 1961;

Hayes and Jobns, 1961). Unfortunately, this fusion between particles

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

*3
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ý th I ore sprayed.

A literature search reveals very little material released to

date concerning plasma-jet sprayed refractories on substrates. This

dearth of information may be attributed to several factors: (1) it

is a relatively new field of stucy, (2) the initial 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 coticucteo

are classified or are awaiting patent right protection before the

release of any pertinent information obtained. Recent reports in the

literature and actual micro-examination of bonds between various

coatings and base materials reportec by two leading manufacturers of

plasma-jet type of equipment indicate the bonding to be oi a mechanical

and interlocking natur. , with little or no fusion bonding involved.

Fusion bonds, however, have been reported by others (Dickinson, 1958;

Linde Company, 1959). Such bonds are stated to have been developed

when hot particles of the coatitg material 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

mec1jlioicai type bond have many appliczt:"ns in corrosion-resistance

problems (Shepard, 1960) under normal conditions, but they have little

or no value at protective coatings for subjection to thertual shock

conditions and high temperature environments (Batchelor, 1958).

From the foregoing consideration of the progress to date in

the development of high-temperature-resistanL coatings for base metals

of construction, it is quite evident that there continues to be a need
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3for improvement in the fundamental mechanism of bonding the costing

to the substrate. The problem seems to arise out of differences in

I the expansion characteristics of the coating and base material.

Expansion of the coating and base material during heating develops

an excessive shearing stress at the interface due to differences in

the coefficients of thermal expansion of the two materials. It is

very difficult, if ot impossible, to match or mix coating powders

to produce expansion characteristics in them sufficiently similar to

those of the base material on which they are sprayed to suppress the

I occurrence of spalling.

The stress produced, though it can be minimized by the proper

selection of coating powders, is generally large enough under thermal

shock ccnditions to cause the weakly-bonded coatings, Q.cscribed above,

to shear off. It would appear that the key to a solution of this

I problem might be in the elimination or reduction of the harmful

I shearing stresses at the interfý'_ between the applied coating and

the base metal to which it i:; 'pplied. To this end, several approaches

3 have been devised and evaluatcti experimentally. The results obtained

form the basis for thi's report.I
I
I
I
I
I



3. OBJECTIVES OF INVESTIGATION

The objectives of this investigation were as foilws:

To study the mechanism by which a heat-resistant tungsten

Coating, deposited by a plasma-iet spray gun, may be caused ro adhere

to the surface of a base mtal of 1020 steel, and

To dev.L-1 1  hniques , t, ,lication (f the plasma-jet

Spray directed towai- producing at -oved fusicn--bonded coating

which would withstand the stress of thermal shock and mechanical shear.

6
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4. EXPERIDENTAL PROCEDURES

The principal unit of experimental apparatus used in this

I investigation was the Giannini Plasmstron P-160 System. Other

equipment of an auxiliary nature was specially designed and constructed

or adapted to provie the environment and controls esse'tial for the

optimum applicatioi c' the Plasmatron. A schematic diagram of the

experimental apparatus as it was installed for operation i shown in

I Figure 1. As previously indicatec, its purpose was to deposit a

heat-resistant tungsten or tungsten-base coating on 1020 steel.

Variables such as plasma-jet operating pressure and temperature,

particle Pize of coating material, and composition of the deposited

coating were investigated to determine characteristics for inducing a

I suitable fusion bond. t temperature of the substrate (1020 steel)

was 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 were studied. The coating procedure was conducted inside

3 the inert atmospheric chamber to reduce oxidation at the surface of the

substrate and within the deposited coating. Controlled cooling rates

of the coated specimens were used to reduce residual stressei developed

3 at the interface during therl contraction, tost-heat Zreatments were

employed to further bonding through ciffusion and to eliminate residual

3 stresses.

7



Figure 1

Identification List of Experiment Equipment

1. Plasm-Jet Head Assembly
2. Plasmatron Control ?ane)
3. 20 Kilovatt Transformer-Re'ctifiers
4. Argon Gas Bottles (300 Cubic feet)
5. Water Softener Unit
6. Water Pump
7. Nitrogen Gas Bottle (250 Cubic Feet)
8. Variable Transformer (Controls nitrogen gas pre-heating furnace)
9. Variable Transformer (Controls post-heat treatment furnace)

10. Nitrogen Pre-Heating Furnace
11. Inert Atmospheric Chamber
12. Check Valve (4 1/2 inches - inside diameter)
13. Four Electrical Inlet Plugs
14. Mechanical Vdcuum Pump
15. Inert Atmosphere Chamber Door
16. Six Thermocouple Inlet Plugs
17. Rubber Glove Port
18. Pyrex Glass Window
19. Copper Tubing (3/16 inches)
20. Rapid-Action Gas Valves
21. Powder Hoppers
22. Post-Heat Treatment Furnace
23. Jig (Used to position specimens to be coated)
24. Level Platform for Jig
25. Specimen Holder
26. Plaswa-Jet Flame

-a
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A more detailed description of the equipment as it was

employed in the investigation is given in the following sections:

4.1 Technical Details of Apparatus

4.11 Plasmatron Apparatus

Two 20 kilowatt transformer-rectifiers (3) (Figure 1) vere

connected in parallel to supply an H-5O Plasmatron head assembly

(I) (also shown photographically in Figure 2) with a maximum power

input of 40 kilowatts. These transformer-rectifiers supplied a

constant voltage of 25 volts to the electrodes in the Plasmatron head

assembly during operation. Th- current to tL.2 electrodes in the

Plasmatron head was regulated by a variable transformer mounted in

the center of the console panel (2) (also shown photographically in

Figure 3). Argon gas was suppliec to the Plasmatron head-assembly

from a 300 cubic foot bottle (4). The working pressure was regulated

by a two-stage argon regulator. The gas flow was regulated by a flow

meter mounted on the 3over right hand side of the console panel. The

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

Water flow used to cool the Plasmatron head when it was in operation.

The plasma-jet flame (26) was stabilized in front of the Plasmatron

bead.

The front electrode of the Plasmatron h.ead had two powder-

injection orifices through which costing Vwders "were injectid under

pressure into the plasme-jet. Kuch injection orifice wam connected by

Goppeax tubing (19) to standard Pl-asmtron Fovder-hoppers (21). One

- -- - - _. . ... .- .-•- T• -- |III %
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tee-joint vas inserted in each feed line at a distance of one inch

from the point of connection ot the Plasmatron head. A copper tube

vas connected to these two tee-Jointa and passed over the Plasmatron

head (see Figure 4). This arrangement balanced the pressure at the

I two injection orifices so that the plasma-jet was not deflected when

the two powder hoppers were being operated at different pressures.

It was possible to replace this dual-powder feeding-systt,,n by a

I single-powder feeding-system whenever a requirement aro'v to fee6

both injection orifices from one poweer hopper. The powcer flow from

I the hoppers was reduced by limiting the exit orifice of each hopper

to the sam size diameter as the vanturi in each hopper.

4.12 Inert-Atmosphere Chamber

An inert-atmosphere chamber (ll)(-s shown also in Figures 5sa,

5b, and 5c) was designed and constructed to contain the essential

devices for applying the coatings. The chamber was constructec of

14 gage sheet steel and was equipped with water-cooled cooling

jackets. A flange with a metallic 0-ring provided a tight closure

I of the Plasmatron head to the chamber. The chamber was fitted with

a large pyrex viewing window (18), glove port (17), self-regulating

exhaust port (12), and rear access door (15). The chamber was also

equipped with an internal lighting system, four electrical inlets

(13), and six thermocouple inlets (16). A small electric ataealing

I furnace (22) vas mounted in the chamber at the end opposite to the

i Plasmetron head.

I
!
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4.13 Resistance-Heating System

A direct current, battery-op-rated resistance-heatint system

was installed in the chamber to pre-heat the 1020 steel substrates.

Two six volt, 130 ampere-hour batteries in parallel, allowed tensile

shaped specimens (minimum cross section: 1/8" x V") to be brought to

temperatures in the vicinity of 20000F.

4.14 Purging of the Inert-Atrosophere Chalber

The quantity of nitrogen purging gas (7) used ves minimixed

by pre-heating it to approximately 3000F before feeding it into the

iner:-atmoasphere chamber. A tubular, pebble heater was designed and

built for this purpose (10). The heater was constructed from an

eight-inch length of stt.l pipe (1" Inside diameter). It was wrapped

with 30 feet of 0.7 ohm/ft. ele-trical heating wire and was thermally

and electric.lly insulated with a one-inch layer of magnesia mad. The

steel pipe was filled with small copper filings to eliminate any

oxygen present in the nitrogen being pre-heated. A mechanical vacuum

pump (14) was connected to the chamber to reduce the purging tim and

consumption of nitrogen.

4,15 Sub.trate-PositLoningL Ji. Agoembly

A jig was designed and constructed to mve specismns at a

uniform rate in frost of the plasms-lot while being coated (23).

Figure 7 shows the jig holding a 7" x 2" x 1/4" steel specimen. This

jig and a stainless steel shield were mounted on roller, and placed on

a level runway (24) inside the chamber. With this setup, a specimen
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mounted on the Jig behind the shieid could be positioned at any

desired distance from the Plasmsatron head. The shield had an

adjustable hole in it which was lined up between the uriftce of the

Plasmatron head and the center of the specimen. In this way, only

the center portion of the plasma-JeE spray could coat the specimn,

which was moved in a zig-zag fashion by the jig in front of the

adjustable hole in the shield.

The jig was modified slightly to handle the cylindrical

specint•.s coated for • mechanical shear tests (see Figure 7). For

this purlose the assembly used to hold the plate specimens was first

removed. The main driving shaft of thie jig was extended 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 coating operation. A 1020 steel cylinder to be

coatcd was slid over the protected shaft and engaged by a hook

connected to the shaff as shown in the schematic L.agrsm in Figure 8.

The jig rotated the cylinder while passing it back and forth ,through

the plaima-jet.

4,2 Application of oajtings

Using the apparatus described above, three types of coatings

were applied as follows:

(1) Tungsten on 1020 steel substrates.

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

1020 steel substrates.

- " ~--- - -o .. IL . . .• •_
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1 (3) Oraded coating of tungsten-iron mixturus on 1020

steel substrates.

Many improvements in the coating techniques were developed

in progressing from the first to the third type of coating listed

above. The general technique was established while investigating

most of the variables related to the application of tungsten on

1020 steel. The results from this procedure suggested a graded

coating techniqu& as a possible solution to the difiiculties

wncountered in the first type of coating. Several modifizations in

I procedure and equipment were necessary before the tungsten-1020 steel

graded coating technique was successful. The undesirable properties

of this second type of coat4,ng were eliminated by the development of

the tungsten-iron graded coating.

The ultimate development of the coating procedure that

I produced a thermal shock-resistant coating was the direct result of

investigations conducted on all three of the coating techniques listed

above. A detailed description of the development of this latter

coating rechnique is given in the following three sub-sections which

take up the Lhree types of ccatings in the order in which they were

i investigated.

l 4.21 Tunten Coated on 1020 Steml Substrata

The first atteapt to develop a protective coating of tungsten

I on steel with the aid of the plasma-Jet, used the most direct approach.

It consiated of spraying tungsten dtrectuy on steel 4nd investigating

I
I

"II• I.. --
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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 its 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

Involved.

•,211 Pre-Heating Substrates

Pre-heating the substrate with the battery-operated resistance-

heating system proved inconvenient due to the number of specimens to be

tested 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 chroael-alumel thermocouples were spot weided to the back side

of a -typical 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 in 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 Plasmatron head. Millivolt

readings were taken with the center thermccouple at different time

intervals after the plasma-jet arc had been struck. The temperature

of the specimen leveled off after 250 seconds as shown in Figure 9.

Readings taken v.ith the other two thermocouples at this toemrature

plateau agreed within 40 0 C even while the specimen wva being moved by

Slof
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the jig in a zig-zag fashion in front of the plasma-jet. The center

thermocouple, therefore, was able to detect the temperature of the

3 coating area (1 1/2" x 1 1/2") to within + 20 0 C. The pre-heating

temperatures of all plate specimens used in the investigation were

obtained from a thermocouple spot-welded to the side opposite to the

side prepared for coating and in the center as described abo-e.

4.212 Coatint Procedure in the Normal Atmosphere

By the above pre-heating procedurp, only the first two lower

temperature phase-regions (alpha and alpha plus gamnma) of steel were

investigated. The first nine specimens were coated with tungsten in

I air so that results could be compared with future coatings in an

"nert atmosphere. All plasma-jet control-settings were the same for

I these first nine specimns (see Table Is).

The single powder-feeding-system was employed for these coatirgs.

The venturi of the hopper was adjusted to 2T-O (two turns out from the

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

the plasma-Jet stream without ýverloading it. It resulted in a costing

build-up of approximately 0.01ý inches of tungsten per minute on the

substrate at the bettings used for the tirst nine specimens.

The surface of each specimen Coat was to be coated with

tungsten in the normal atmosphere was manually ground with abrasive

papers to a surface smoothness corresponding to 500 grit site just

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

I
I
I
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placed in the i4.g, pre-heated by the plasma-jet, and coited wich

two layers of tungsten by allowing the jig to move the ruecirnrn in

front of the plasma-jet twice while tungsten powder (+125 mesh) was

being injected into the plasma-jet stream under a pre.sure of l) psig

(pounds per square inch gage). The power input to the plasma-jet

was slowly decreased to 100 amperes after each coating procedure

before turning the plasma-jet off completely. Tatis proceu'Ire tended

to prolong the life of the electrodes and reduced the residual

stresses developed at the interface of coated specmens during

cooling. Table Ib shows the pre-heating (.eperatures and stand-off

distances (distance from Plasmatron hea6 to coating suriace) used for

each specimen.

4.213 Coating Procedure in an .-.nert-Atosphere

The procedure used to coat 1020 steel substrates (2" x 7" x

t/8") with tungsten in an inert atmosphere was as follows:

The initial purging of the chamber to obtain an inert

atmosphere was carried out by partially evacuating the air with a

mechanical vacuum pump and then introducing nitrogen gas, pre-heated

to approximtel'- 50007. The chamber was first evacuated by the

vacuum-pump until the rubber chamber-glove as stiffly erected inside

the chamber. The vacuum-pump valve was then shit and pre-heated

nitrogen was introduced until the glove was stiffly erected outside

the chamber. After repeating this procedure twenty time it the

course of one hour, the nitrogen flow was left on while the' locks on

left*•'
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the 4 1/2" check valve were released. The plasme-jet arc was struck

and the plasmw-jet was left on for two minutes. The heat from the

I plasm-jet expanded the chamber gases, resulting in additional

purging. The gas remaining in the chamber after this initial firing

was slightly yellow in color, indicating the formation of nitrogen

oxides. A second purging by ignition of the plasa-jet for three

minutes elitsinated all aigns of nitrogen oxides present in the

I chamber.

Before the initial purging, nine steel-specimens were

I polished and placed inside the chamber in a rack. Number 500-grit

abrasive paper and +325-mesh tungsten powder tdried at 150 0 C for

15 hours) were also placed in the chamber before the initial purging

I operat ion.

All specimens were polished a second time with No. 500 grit

I abrasive paper while they were in the inert atmosphere, just prior

to the pre-heating and coating procedures. Table Ib lists the

individual pre-heating temperatures for each opecimen. The same

costirg procedure was used as that aescribed in the previous section.

The plasma-jet control settings were increased when the last two

I specimens were coated so that a comparison of power input vernus

relative coating density could be made by microexaraination.

4.22 Gjaded CostiniL of Tunisten - .020 Steel Mixture# on 1020

Steel Substrate

It was the objective during this phase of the investigation

I to deposit a coating on 1020 steel such that a graduated region ranging

I
I
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from 1020 steel at the inner 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

Steel plate and the tungsten layer and would also promote fusion at

the inter-face.

4,221 Dual Pgwder-Feeding-System

A dual powder-feeding-system was installed to facilitate the

imposition of the graded coating. Each of the two feed inlets in the

Plasmatron front electrode were fed from separate Plasmatron powder-

hoppers. Separate argon pusher-gas pressure systems were connected

to each of these hcppers.

Several modifications and adjustments were tried on the dual

feeding-system before any attempts were made to deposit a graded

"sting on a prepared specimen. The venturi on each powder hopper was

adjusted until the lowest feeding rate was established for the two

different powders. Both hoFpers were .moved as clese to the Plasmatron

head as possible (l 1/2 feet) to reduce the flow resistance in the

copper tubing that connects the hoppers to the head. The dual powder-

feeding-system finally adopted was that described under 4.11, Plasmatron

Apparatus.

W22 Graded CoatingProcedure

The surface on one side of each of thirteen 1020 steel specimens

W x 2" x 1/8") was grourd down .02 inches with a surface grinder to

Uirinate any skin effects that might interfere with the coating

S•0
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technique. Chromal-alumal thermocouples were spot-welded on the side

of the specimv opposite the surface which had been prepared on the

Ssurface grinder. The surface-ground face was manually ground with

number 500 grit abrasive paper just prior to costing. Two specimens

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

j of 50 per cent HCI plus 50 per cent alcohol. Table Ila lists the control

settings used for each of the thirteen specimens coated during that

Sllperiod.

The same purging procedure was fullowed when coating specimens

in an inert atmosphere as was outlined in the previous section. A

1 five-minute preliminary firing of the plasma-jet was 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 resulted

in an increase in pressure inside the chamber. By g-aduially decreasing

power to the plasma-jet, the pres3ure inside the chamber was reduced.

A slight positive pressure was maintained inside the chamber during

the shut-down period by a balance between the two above changes in

pressure. This procedure was used to elirtinate any chance for oxygen

to be drawn into the chamber through tne check valve during the shut-

down period when pressure conditions inside 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 coaLed in

an inert itmosphers. All seven specimns were positioned at a stand-off

I distance of seven inches and pre-heated to temperatures below the first

I
I
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tr•nsformtiun temperature of steel (723 0 C).

The actual coating technique used during this coating period

for each specimen was the same in each case. 1020 steel vas sprayed

onto a specimen for the first two passes. This was followed by

spraying both tungsten and 1020 steel for the next two passes, and

finally, during the last two passes, only tungsten was deposited.

Variables such as power input to the plasma-jet, flow and pressure

of Lhe pusher-gas to the powder hoppers, and particle-siae nf the

costing powders were adjusted during theme coating procedures to

eliminate clogging of the injection orifices in the Plasmatron head.

4.223 Heat Treatment Studies

Microexaminations were made on specimens as indicated in

Table Ua. From these sicroexaminations Specimen No. 30 was 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 in half. One half was heat treated at 650 C

for one hour and the other half at 950 0 C for one hour. Both halves.

were furnace-cooled after treatment at a rate of 150C/min. They were

then mounted, polished, etched (3 per cent nital), and microexamined.

Hardness readings were taken before and after each heat treatment on

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

4.23 Graded Coatin/z of Tungsten-Iron Mixtures on 1020 Steel Substrate

An attempt was miads to deposit a graduated coating on 1020

steel plate, ranging from pure iron at the inner interface to 100
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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. In the annealed condition, an iron coating could be

expected to be ot.ý ductile at both i-oom temperature

and at elevated temperatures than a corresponding

1020 steel coatirg.

2. In a graded cnating containing iron there would be no

Ipossibility of -i- ,fnrmration of carbides within the

zo e adjacent to a pure tun, ten zon-

3. The coeffirie,. t of thermal exp&. ion Af ' on (6.5

Imicro-in./ir /'I) lies between 'he coe -filerts of

thermai. expansion for 1020 steel (t.0 naicro-in./in./!F)

I and tung:ten (2.59 micro-.

1+. Only slight cha•ges it crviqtalli.ne .tructure and

I transformation tempere ut.s could be expected to occur

I upon the replacement . steel by iron in the graced2

ceating. It wou-d be unlikely, therefore, zhat the

I degree of ft iion bondiig previously developed through

the use of steel powder, would be decrease,:.

4.21w *.-ded CoatLinA trocedure

t-our l%2O ste-l -:iates (7" x 2" x 1/4") were first costed in

the torml atmophere witr" this seconc type of grade-- coating (see

Table IUla). The saw -oting procedure was ftlolec as thAt usec ir

depositing the first type of u•ultiple coating. A modificatiot of the

I
!
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powder hopper reduced the powder flow so that the plabma-Jet would

not ;.e overloaded. This was accomplished by reducing the exit

orifice of each hopper to the saoe diameter as the venturi in each

hopper.

4.2 12 Heat Treatment Stutes

One of the more prowiir~g ,opecimens (No. 34) from these first

attempts wase microexanined. The specimen was then heat treated 4t

9W 0 C for one hour and furnace coolec (7 1/2 0 C/iin.). The specimen

was remounted, polisieo, etched, and microexamnined. Mtcroharcineoe

reaaingi were taken betore anc after the heat treatment.

Three specimens (No. 40, No. 41, ano No. 43) were coated I-n

an inert &tmosphere. Iamedtiately after coating, each specimen was

placeG in a tubuler turnace, previously locatL, inside the chamber.

Specimens No. 40 and No. Z)" were hel- at 950 0 C '-,r one hour before

furnace zooling. Specimen No. 41 was turnac. cooled when it reached

950CC in the tutelar furnace, Microexaminati'rns and microhardntas

surveys were -naue on Specifuens No. '.1 snc No. 41. The three specimens

uwre then heat treated in a vacuum furnsce for one hour at 950*C and

then 0arnace-cooled. Microexaminations anc 'wicroh-rdnes surveys

were mde on all tlhree s-ecizens.

The genersI p,-ocecure tcr cepositing the tungsten-iron grade,

coa:iný, was establistLe-• by the s•.ove investigations. SliSit wadift-

cations it this procedure were necevssry in the preparation of

opeciwmnrs used in the following evaiuation tests. The qreparatien
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of these specimens will be desrribed alung with their respective

evaluation test in the following section.

/4. Coating Rvaluation, Test&

The nature of th,? bonds establiahed by the coating processes

were investigated by optical inicroscopy and x-ray diffraction techniques

I where applicable. hicrohardness surveys were used in support of the

above investigation techniques. A radioactive tracer technique was

developed to study diffussion rates at the intLface. A mechanical

test method proposed (Metallizing Engineering Company, 1957) for testing

the shear strength of the bonds wss evaluated. The results obtained

from such mechanical shear tests were correlated with the variables

employad during the coating procedure. The plasma-jet was used to test

the mest promising bonds under conditions of thermal shock and normal

atmosphere. A more detailed descriotioon of the coating evaluation

techniques used during this investigation tre given in the following

i asb-sections.

4 _Development of Radioacýive Tra*:er Tech!;iAue-

f 4.311 Preliminary Inýesttg~tions

A radioactive tracer technique as a means for checking coating

diffusion was tried because of its accuracy, ease of application, and

the ready avaiiability of tracer preparatict, facilizies at 'he

I University of Arirona. Several refractory materials that have melting

i points above 2800 0 C (tungsten, tungsten carbide. tantalum, tantalum

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

d

I
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(1017, 1040, 470640 and 8640) were first investigated to establish

whether a tracer technique was possible for each cmse. At least one

isotope for each refractory proved favorable for studying diffusion by

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

radiations from the isotope (s) present in the steels investigated wms

low enough so thbc they would not tend to mask the radiations from the

refractory, materials themselves.

A. trial run wAs made to confirm the above observations before

any attempio was made to investigate a controllec diffusion ktudy by

the technique described below.

A disk (1/2" diamter - 1/8" thick) of 1017 steel was coated

on oue side wizh a thin layer of tungsten (1/100" thick) by the

Pl-ainatron equipment in the normal atmosphere. This specimen was

irradirted in the unib-ersity nuclear reactor and then placed in a

lead covtainer for 24 hours to allow the background radiation caused

ly the iaotopes in the steel to decay. After this period. a radiation

spectral analysis was made on the specimen to detect isotopes st'.1

present. Only a small trace of one isotope in the steel, F4n-56, was

ditected, while mll four of the tungsten intenuity peaks for isotope

W-187 persisted with comparatively large radiation counts pir minute.

The coA•ed surface would have been surface-ogrouud and chezked for

tungsten content (counts per minute) to establish the depth of

penetration of the tungsten in the steel if this jiad 4aen a controlled

diffusion study.
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1 4.312 Controiled Diffusion Study

A controlled diffusion investigation was conducted to establish

I the usefulness of this tracer technique for diffusion studies of

tungsten into steel and to establich a standard procedure to follow in

investigating diffusion produced by the Plasaatron equipment. Tunbsten

powder (-325 mesh) and 1017 steel disks (3/4" dia.) were used for the

controlled diffusion study. Tungsten had the longest half life and

largest neutron absorption cross section of the refractories investi-

gated and 1017 steel gave rise to the least radiation background counts

of the structural materials investigated. The controlled diffusion

study was conducted in a vacuum tubular furnace since the Plasm.tron

and supporting equipment -- qot completely operational at that time.

Siv disks of 1017 steel wet ground on a surface grinder to the same

tbicknacs (.1754 in.). One side of each specimen was in firm contact

Swith tungsten powder during a five hour heat treatment at 910 + 100C.

This particular temperature was selected since the first complete

phase change occurs at this temperature in both the iron-tungsten

(alpha to gama) and the iron-carboa (alpha + Fe}C to gamua)

constitutional diagrams.

ri tarting with the first specimen (surface-ground a second time

to its original .1754 inch tickness) each specimen was then surface

ground 1i/0,000 of an inch more texan the preceding specimen.

The siL specimens plus one cont-dol disk (a 1017 steel disk

surface-ground and heat treated without any contact with the tungsten

I powder) were then irradiated for three hours at 2.8 x 10" neutrons/cm2 /

sec in the university nucl-ar reactor. The specimens were "cooled" for|
I
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three days to allow the isotopes in the steel to decay to a background

count thac would not interfere with the analysis of the radiation

emitted from the tungsten.

Further use of this technique was as 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 Tunzsten

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 established 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 tun-sten was made by the following

procedure:

Increasing amounts of tungsten were veighed out and placed in

the standard irradiating vials used to contain samples being irradiated

in the university nulear reactor. In order to keep the seven powdered-

tungsten samples from dispersing throughout their respective vials,

which would cause a different geometry for each sample during the

counting operation, the vials were filled with comercially sterilized

cotton to keep the tungsten in a fixed position while being irradiated,

transferred, and counted.

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

irradiated for 2 hours at 2.8 x 10" neutrons/cr;2/sec and allowed to
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"cool" for 48 hours before counting in a well-type scintillation

I counter. The amount of background radiation emitted by the cotton

and vials was obtained from the vial containing 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 characteristic tungsten intensity

I peaks (0.686 and 0.480 Hey) can be seen in Table IV in the Appendix.

The corresponding weights of tungsten are also given. F-om these

values, the counts pei minute versus weight of tungsten curves were

established as indicated in Figure 10.

1 4.32 Microexamination and Microhardness Surveys

Microexamination of each type of coating was used as the

initial evaluation test. By studying the microstructure of beat

treated samples of the steel coated wiL!, tingsten., it was possible

I to determine an appropriate pre-heating temperature that woLud limit

phase transformations to the surface (approximately 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 a phase transformation if the pre-heating temperature exceeded

I approximately 650 0 C. Transformations of this extent had to be guarded

against since they introduced stresses sufficient to cause spelling

during cooling.

The tungsten coatings were evaluated on a relative basis by

recording such factors as the extent of their laminar structure,

m penetration into the substrate, oxidation layers, and porosity.

I
I
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These relative values were correlated with the console settings,

stand-off distance, and pre-heating temperature. This correlation

minimized much of the guesswork in the selection of proper settings

when the tungsten-1020 steel graded coating was being developed.

Microexaminations of these latter coatings were conducted mainly to

detertaine how uniformly gradual tL. mixed coating could be when

produced with the dual powder-feeding-system.

Microhardness readings were taken on one specimen (No. 30)

of this second type of coating (tungsten-102C steel graded coating)

that displayed the most promnise according to microexaminations.

This hardness survey was repeated after the specimen had been heat

treated at 950 0 C for one hour and furnace cooled at the rate of

15°C/min. From these studies, the effects of the heat treatment on

the microstructure and hardness of the specimen were obtained.

Since ti, tirst two coating techniques served mainly as

guides to the uk- 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 following sub-section on this third
I

type of coating.

4.321 Tungsten-tron Graded CoatinL on 1020 Stt.il Substrate

Microexamination of this type of coating was conducted

mainly to study the amount of fusion it produced and the extent to

which uniform dispersion could be developed in it. The preparation

of specimens used for these studies was as follows:

Tungsten-iron graded coatings were deposited on ten 1020 steel

specimens (7" x 2" x V/8"). The same coating procedure was folloved
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as that described in Section 4.23. The ten specimens were furnace
0

cooled (rate of cooling - 7 1/2 C/sin.) from 950 0 C immediately after

I coatirg. 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 suarized in Table I1Ib.

Specimens to be microexamitned were mounted in black bakelite,

polishea, etched with 3 per cent nital for 10 seconds, anL. examined

and photographed with a Reichert ?Ietallograph (magnification range -

75x to 2500x).

Detailed micrchardness surveys were conducted to provide

further correlation with the microexaminations and x-ray diffraction

I studies (as describeu in the next seýction) which were conducted on the

tungsten-iron graded coatings. PreCa~ation of specimens for micro-

hardness surveys was the satme as that used Lo prepare speci.aens for

microexaminations. The microhardnus surveys wý-r- made on Specimens

No. 34, 40P 41, 43, 51P 52, P3, 5'P, •,-, •7, and 65. The hardness

I readings taken across each it these sectioned specimens were spacei

as indicated in Figures 11-20. It was not possible to take hardness

readings in a straight line on the coating due to the oxide layers and

inclusions present. Readings were taken within a narrow band across

the sections while maintaining the cesired spacings between the

I readings (see Figure 44). Hardness readings in the tungsten-iron

I
I
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region were taken in the centers of those iron-rich areas and

tungsten-rich areas large enough to support the diamond 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 0 C and

furnace cooled (F.C.). One microhardness survey was made on Specimen

No. 40 after the above heat treatment.

Microhardness surveys were conducted on Specimens No. 41, 51,

52, 53, 55, 56, and 57 after they had been coated and furnace cooled

(F.C.) from 950 0 C. These specimens plus Specimen No. 43 were then

heat treated (H.T.) at 950 0 C for one to tiree hours, as indicated in

Figures 13-20, before repeating the microhardness survey.

14,33 X-RaX Diffraction

X-ray diffraction techniques were applied to the tungsten-iron

gradeG coating to investigate (1) the effects of heat treatments on

the tungsten-iron regions and (2) the types of tungsten concentration

gradients developed in the tungsten-iron regions by two alternate

ccatiuS procedures. To accomplish these investigations, it was first

necessary to set up certain x-ray diffraction standards.

4.331 Standard for X-Ray Diffraction Studies

Three twenty-gram powder compacts of tungsten (-325 mesh) and

iron (-325 mesh) were made u-' and malted in an induction 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

significant zompesitions in the tungsten-iron alloy system. These
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compacts and one sample of commercially supplied ferrotungsten

(80 per cent - WP 0.60 per cent - C, Balance - Fe) were used as

I x-ray standards.

A Norelco x-ray unit (North American Philips Cnmpany) with a

copper tube (Cu-KaI, wavelength 1.54050 AO) was used in conjunction

with a scintillation-counter and strip-chart recorder for all the

x-ray diffraction studies. The x-ray unit was operated at 35 kilovolts

and 15 milliamperes. A scan from 29 a 15 0 to 1150 was used in analyzing

the four specimens orepared as x-ray standards. The relative neak

intensities of the four constituents identified are given in Table V.

The relative intensities of the iron peaks were not used for

quantitative analyses. Secondary fluorescence is encountered according

to Klug and Alexander (1954) when

AZ - Z1 - Z2 a 2 or 3

where Z1 atomic number of target material

I and Z2 atomic number of element in speimen under
investiga tion

6Z - 3 when using a copper x-ray tube and iron as the specimen.

Tungsten peaks are not troubled by this effect since secondary

I fluorescence is scarcely detectable for values of n larger than

5 (Klug and Alexander, 1954).

In order to determine the concentration of tungsten present

within tungsten-iron regions, a tungsten concentration versus relative

percentage intensity curve was neeued. Eleven compacts were prepared

I for this purpose. Tungsten and iron powder (-325 nmeh) were accurately

I
I
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weighed out, thoroughly mixed, and cocrpressed (40,000 psi) to give

a mechanical mixture of tungsten and iron. The weight percentages

of tungsten in these tungsten-iron compacts were 0, 10, 20, 30p 40,

50f 62, 69, 80, 90, and 100 per cent respectively. X-ray diffraction

patterns were made of each of the eleven compacts. The relative

percentage intensity as indicated by the highest tungsten peak

(20 - 40.42, d a 2.23) for each compact was plotted against its

weight percentage of tungsten, in Figure 21. The concentration of

tungsten present in a tun, ten-iron mixture can be found directly

from tnis figure if the height of its tungsten peak (d a 2.23) is

known.

4.332 Heat Treatment Effectz 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 spec!men (No. 54) was dealt with

as follows:

1. The outer layer, the tungsten-iron mixture, was

surface ground te provide a smooth surface for x-ray

diffraction studies.

2. After the costing procedures, an x-ray diffractioc

pattern was obtained en -he smooth tungsten-iron

Itirface.

3. The specimen was heat creavd for three hours at

9'-0*C in an inert atmosphere (Argon) and the x-ray

procedure followed in step No. 2 was repeated.
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1 4. The specimen was heat treated for another six hours

at 950°C and the x-ray procedure followed in step

I No. 2 was repeated.

Specimen No. 54 was then heated in on induction furriace under

a vacuum to 1500 + 25°C. This treatment was the sam as that given

I the three colpects used a& standards in Table V. Specicmn No. 54 was

cooled when the coating began to melt. The saee x-ray diffraction scan

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

I 4.333 Tungsten Concentration Gradient

Two general types of coating techniques were selected for

evaluation of the tungsten concentration in the tungsten-iron region.

The first type (as used to coat Spr~ien No. 49) was the result of

gradually increasing the pressure of the pusher gas connected to the

tungsten powder hopper while maintaining a constart precsure of 15 rsi

on the iron hopper during the costing proced re. Once the pressure

to the tungsten hopper reached 15 psi, the pressure on the iron hop~er

was slowly reduced to ze:o. The pressure to the tungsten hoppe- wus

immdiately cut off at this point so that the tungsten-iron region.

I would not be completely covered by a pure tungsten laver. Tbis -ontro"

made he turgsten-iron region accessil-ie tor x-ray' d'ifractto- stucloes.

The secon-2 method of depositing & tungsten-iron costing was

used on Speciwns No. 50 and No. 58. No layers of iron were ceposj.tec

o these two spocilns at a hopper pressure -.if 20 psi. Tisr was

I fallved ýv the ilndia'e inlection of tungsten p•o.derz i:-o the plasma-

Jt at a hopper pressure of 10 vi. This resu.tec in four tuagsttn-iror

I
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layers of varying composition over two iron Layers on both specimens.

The coating procedure wa& then terminated to provide accessibility to

the tungsten-iron laye.r for x-ray studies.

The three above specimens (No. 49, N ý 50, and ?!o lb) weie

pre-heated at nearly the sam.e temperature (see Table VI), furnace

cooled frors 9500 C after coating, *nd heat t-eated for one hour at

950 0 C (furnace cooling rate - 7 i/2 0C/sin.). A smooth surfack was

obtained on the coatfd side of these specime-a by surface grinding.

X-ray diffraction scans were made on these smorh surfaces. Each

specimen was surface ground and x-rayed seven more times. The

ý-oncentration gradient of tungsten in the tungsten-iron layers was

easily viewed by plotting the distance from the interface against the

relative height of the highest tungsten peak (d - 2.23) detected at

that distance (see Figure 22). The weight percentage ot tungst-n is

also shown in F'igure 22 as deter'mincd frow the curve of Figure 21.

!.34 Thermal Shock Test

The plasma-jet itself provided the hvrm~al sbock needed to test

the bond strength of the coatings. t'he primary reason for this tesr

was to check for spalling. The -ittect of coating thickness on "ti~w

at burn through' vas of secondary importance. The "trim of burn

thrc-ugh" 'i i'efined as the time required for the plao.a-iet to burn

a hcie completely through a specim-en positioned iernncicuarly in

fronz of the -lasua-jot stream.

Toots were concucted primrilv in the nor.ail atmooshere. The

test specimens were ppoulti*one_ p~rFpndi---uIsr to the plaosa-Jet strea-m.



I The stand-off dirtancvý and the console settings ýor these tests were

cetermindd by first burning through thin sheets of tungsten and 1020

9 steel plates. Ibc selection of stand-off distsvce and console settings

was made on the basis of "time of burn through" cata collected ouring

Firings 69-86 (see lible VIa). A stand-off Jistarce of two inches with

a power input setting oi 700 amps allowac sufficieut "time tor burn

through" such that errors introduced by uanual timing were insignificant.

Seven specimens coated with a graced tungsten-iron coating

were preparud for thermal shock studies. The coating procedure which

produred the best coatings previously examined waE employed in the

preparatior• of these specihens (see Toble VIb). Ihe seven specinmens

were heat treate( after coating for one hour at 950 0 C and furnace

I cooled (7 l/2 0 C/min.).

The same method for depositing the three different coating

I 1Lyers w#3 followed as that diescribed for 6pecimens No. 50 and No. 58

in Section 4.333 .. e coating tiv- for the tungsten-iron layers was

variecd from 19 to V9 seconds. Lne coating times for the iron and

tungsten layers were the saine for aach speciaen (see Table Vib).

Thermal shock tests were made on six of these specimens. The

same eettings and conditions were used as those given for Firing Nos.

77-F2 in Table VIa.

Specimen No. 65 was prepared under the samf conditions as the

six specimens used in the thermal shock tests. It was used for

,nicroexaminatior and a microhardness survey.I
I
I
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4.35 Mechanical Shear Test

A sensitive method was ieeded to test the iusion bond strength

between the substrate and its coating. It was felt that such a method

might indicate the effectiveness of heat treatments and the advantages

of different coating techniques. Aince coatings frequently fail under

shear stresses, it appeared that a mecharical shear teat WOUlL, provide

the most beneficial data. A literature search le to the mechanical

shear test cescribec belou (Metallizing Engineering Company, 1957).

Figure 23 shows the conponents needed for this a chanical

shear test. The cylincers were machined from 1020 steel bar stock

(see Figure 23a). The jig usec to move the fla& speci.mens in a

uniform zig-zag fasl ion was maKified to handle these cylinders, The

jig rotated the cylinders while passing them back and forth through

the plasma-jet.

The same coating procedure was followed as that described in

Section 4.13. The cyl' .ders were plasma-jet pre-heated below the

first transformation temperature of steel (72i 0 C), coated with pure

iron, and then furnace cooled from 950 0 C in an inert aLmosphere

(Specimens No. 103 and 113 were air cooled). The coated cylinders

were machined as indicated in Figure 23b. The machined specimens were

finally forcea through the di,! shown in Figure 23c. An Instron tensile

tester was used to record the compressive load required to shear the

coating from the cylinder (see Figure 23d). The history of each

specimen was correlated with its shear load.

/
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The maximum shear strength of thirty specimens was obtained

from the mechanical shear test procedure 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 Instron

strip recorder during the mechanical shear tests. The curve for

Specimen No. 97 indicates ductile behavior. The iron coating spalleu

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

The curve for Specimen Io. 103 represents brittle fracture. The iron

coating was sheared off abruptly.

The first six speciwens (Nos. 87-92) of the thirty-four

specimens coated i;ith iron were not coated in it- inert atknosphere.

The last four specimens (N~os. 117-120) were coated and then sectioned

for .acroexamination.

I
4

I
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5. RESULTS AND DISCUSSION

5.1 In General

Of the three coating methocs developec during this investiga-

tion, the graded coating of tungsten-iron on 1020 steel proved to be

the most effective. The previous development of the other two coatings,

however, was beneficial in establishing the method u3ed to produce the

tungsten-iron graded coating. Detailed results obtained during the

evaluation of the three coatings are %iscusseo in the following sub-

sections. The initial evaluation of each type of coating was

accomplished by microexamination. The results from the other evaluation

tests used to study the three types of coatings are consioer'eu in the

order that the evaluation tests were applied. Discussion of the

rauioactive 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 during this investigation.

5.2 Plasma-Jet Siarayed Coatings

5.21 Tunzsten Coating on 1020 Steel Substrate

The plasma-jet control settings used to deposit tungsten on

1020 steel substrates are sumuarized in Table Is. The results obtained

from microexamination of this first type of coating are su=sarized in

Table Lb. Column 9 in this latter table indicates whethLr or not the

39
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I coating spalled during Looling. Specimens pre-heated below 531 0C

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 Columns 5-6 in Table Ib. Fiiure 25

j provides a visual illustration of the terms "laminar layers" and

"coating porosity" referred to in Table lb. Figure 26 illustrates

the meaning of the terms "tungsten penetration" and "extent of

oxidized coating." The amount of tungsten that penetrated through

I the oxide layer at the interface and into the 1020 steel surface

indicates the relative amount of tungsten penetration reported in

Table lb. The fine grains at the regions of tungsten penetration are

to be noted. Their presence resulted frow surface recrystallization

of the cold-rolled steel brought on by the hot tungsten which penetrated

I the surface (see Figure 27).

Microexamination of the specimens which had been coated in a

inert atmosphere revealed less porosity, less oxidation, and finer

laminar layers than those which had been coated in the normal atmosphere

(see Figure 2'). In the former, a significantly larger amount of

I tungsten had penetrated through a very thin oxide layer at the interface.

Within these regions, recrystallization had occurred, and what appeared

to be a thin alloyed layer (metallic red luster), formed between the

steel and the tungsten coating (see Figure 29).

Figure 30 illustrates the relative increase in the density of

3 the spr•ayed tungsten (on Specimen No. 18) when the power input to the

O
I
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plasma-jet was increased some 52 per cent above that for the previous

specimens.

The bond between the sprayed tungsten and 1020 steel substrate

van, in general, weak and brittle. Sudden heating or a sharp blow ;-ith

a hammer cause(' this type of coating to 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 Ila gives the plasma-jet control settings, pre-heat

temperatures, hopper pressures, ant, particle sizes of the powder used

during each firing. This table alro indicates which of the coateu

specimens were toicroexamined and which coatings spalled during cooling.

Hicroexaminations were conducteL on the tungsten-1020 steel

graded ccatings for three zaain reasons: (1) to ascertain whether a

good graded coating was being deposited by the dual powder-feeding-

system, (2) to compare the amount of oxidation that occurred at the

interface of specimens cleaned 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 follows:

Figure 31 illustrates the best graued coating developed during

this phase of the investigation. Even this coating, however, lacked

the des-.red unilorm gradient varying from 1020 steel at the interface

to 100 per cent tungsten at the outer surface. Frequent difficulties

_ _ _ _ _ _ _ _ W _
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I encountered with the powder-feeding system O'uring some of the firings

caused complete segregation of the two metals being coated as

illustrated in Figure 32. Such studies enabled the dual powder-

feeding-system to be nodified until it was capable of depositing

I graded coatings which surpassed in uniforuity the one shown in

I Figure 31.

The surface of the specimen cleaned chenically after mechanical

polishing aný coated in an inert atmosphere (,i3played larger anounts of

oxidation at the interface (see Figure 33) than specimens cleaned

I mechanically and coated in the normal atmosphere (gee Figures 34 and

I35) or in an inert atmosphere (see Figures 36 and 37). Evidently,

the inert atmosphere contained enough oxygen so that a chemically

I cleaned surface could still be readily oxidized. One specimen was

coated in the normal atmosphere immediately after being cleaned

I chemically, but was highly oxidized, probably due to a surface reaction

between residue from the chemical cleaning reagents and the oxygen. The

coating spalled &s a result of this excenjsive oxidation.

Figure 36 shows the beat adhered coating produced during this

phase of the investigation. This specimen lacked good graded coating,

m however, .ue to powder-feecing difficulties. Examination at higher

optical power showed excellent fusion at the interface between the

sprayed 1020 steel and the substrate (see Figure 37). Unfortunately,

the 1020 steel poder used in coating this specimen was slightly

oxidized before the costing procedure got under way. This condition

permitted the formation of most of the oxide layers observed within

I
I
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the coating and interfered with desirable grain growth between steel

layers and across the interface.

5.221 EffectE of Heat Treatvments

Table IlIb 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 coated tungsten

were not effected by these heat treatments.

There was no significant change in the microstructure of the

specimen heat treated at 650 0 C for one hour. However, in the specimen

heat treated at 950 0 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 within

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 Coatinj of Tungsten-Iron on 1020 Steel Substratcg

Tables MIea and IIlb give the plasma-jet coating data used

during the deposition of tungsten-iron graded coatings on 1020 steel

substrates that were prepared for microoxamination, microhardness

surveys, and x-ray diffraction studies. The maximum thickness of each

coating is also 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 typical surface recrystallization

titst resulted when specimens were pre-heated at temperatures below

I the first transformation temperature of 4teel (723°C), prior to being

coaLed. Figure 40 shows the type of microstructure which resulted

from a heat treatment after coating. 1L was noted that specimens

allowed to air cool after coatiag spallec if they were not heat

treated within 24 hours. As a result of the post heat treatment,

I however, grain growth occurred in the iron coating, i.;, the 1020

steel substrate, and across their common interface. Even graded

coatings which were as thick as the substrate itself did not spall

after the costing procedure if 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 discussec in the

I next two sub-sections.

Figur,,: 41 shows the improved graded cotating made possible by

the modified dual powder-feeding-system with the plasma,-Jet settings

used in Table IliA. Figure 42 indicates the improved fusion and grain

growth across the interface of specimens post-hest-treated and furnace

cooled. These specimens, coated in an inert aLmosphere, had relatively

fewer oxide layers compared with specimens coated in the normal

atussphere (see Figure 40). This comparison again inaoicatis the value

I
I
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of coating in an inert atmosphere.

Figure 43 illustrates the typical graded coating obtaine*-

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

5.232 Microhardness Surveys

The results of mtcrohardness surveys taken across eleven

tungsten-iron graded coatings on 1020 steel specimens, whose plas, a-

jet coating data a•te listed in Tables MIea and 111b, are given in

Figures 11-20. Figure 44 indicates the procedure used in obtaining

these microhardness values. The curves connecting the various types

of points shown in Figures 11-20 indicate the general haroness trends

in the 1020 steel substrate region and in the graded coating region.

The broken line curves represent hardness trends after the coating

procedure and the solid line curves represent hardness trends after

a heat treatment. Hardness values taken after a heat treatment were

more uniform within any one region and, in general, were lower than

those taken before the heat treatment. This condition indicated that

th- iron, steel, an'd tungsten had experiencet: stress relief during the

heat treatment.

It is to be noted that after the heat treatment the hardness

values of the iron tended to increase and those of the tungsten

tended to decrease ir the tungsten-iron region. This behavior raav

be attributed to a conversion of tungsten oxide to tungstpn during the

heat treatment. Since the free energy of formation for iron oxide is

approximately twice that for tungsten oxide (Kubaschewskf an,. Evans,

V
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1958), oxygen taken up by the tungsten particles during the coating

procedure vould tend to migrate to the iron during the heat treatments.

i Such a vrocebs would account for the decreased hardness of tungsten

anu1 the increased hardness of iron in the tungaten-irori region an(m for

the retained hardness of the tungsten in the pure tungsten layer after

heat treatment (see Figures 11-20).

Although x-ray diffraction studies imnicate the formatior. of

a solid solution of iron anc tungsten in the tungsten-iron regiorn

during heat treatment at 9°C (discussed in the next sectiou), the

oxygen migraw' mentioned above, which increased the har•.ness of the

iron comnponent, maske6 any normally expected iizrease ii; tungsten

hardness by solid solution hardening.

5.233 X-Raj' Diffraction Studies

U X-ray diffraction stucios were condlucteL on the tungstet•-iron

region of the Iour specirmens specially preparec for this type of

I examination. The results of .he c•ce cbjectives iveitigate6 by

x-ray uiffraction techniques are uiscussec in the il11win,, sub-

sections, •,.2031 an. •.2 3L2.

1 5.2331 Detection of CcFnponentr iresent in tne Tungsten-Irou Re~ior

From the four tunflsten-!r; alloy speciwns prepare. for

x-ray diffraction standards, the rel~itive peak ti;ter-slties oft th•e

I four constituents presevt are iise;. t' fable Va. It is apparent trom

these results that sm the weight percz'[ntage of tungsten icCreasec the

amount of the Intermetallic co-mpoun•d Fe-;,. decreas., amn that at Fe:.*

I
I
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increased. The "d spacings" obtained for these two compounds agree

with the A.S.T.M. Dtffraction 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 coatings

speciaily prepared for x-ray diffraction studies. In the latter, no

peaks corresponding to intermetallic compoutds were evident indicating

that the coatings were a mechanical mixture of tungsten and tron only.

The effects of heat treatments on the x-ray diffraction

pattern of the tungsten iron region are listed in Tsble Vb. The "d-

spacing" increas-d with iucreasing time at the listed tecaperatLre for

each x-ray int dasiy peak recorded. There was a decrease in the

relative he",hts the tungsten intensity peaks with increasing time

at the listed tempera uie. The intensities of the iron peaks rezained

constant oi increased. The shift of "d-spacing" and decrease in

tungsten intensity strongly suggest the formation of a solid solution

6uriug the heat treatments (Klug aný' Alexander, 1954).

Only a trace of Fe -6 was disclosed by x-ray diffraction

studies on the tungsten-iron region after it had been partially melted

at P,00 + 25°C. There are two major disadvantages in obtaining an

intermetllic compound or large smuntt of solid solution by melting.

They ar- (1) distorLion, *m (2) loss 0 strength of the substrate,

both of which ,ould result from any heasing at such an elevated

temperature. Lack of anys a?.lcying or cempound formtien between the

"tungsten and iron is attrib-.ted to the thort resicencn time of these

metal pa:ticles in the lassam-jet stream.
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5.2332 Tunpsten Concentration in the Tunisten-Iron Region

Figure 22 illustrates the tungsten 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 abscissae in Figure 21. The ordinate on the

left side corresponds with the ordinate in 'igure 21.

The maximum peaks shown in Figure 22 for thn 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 first turned

I on. A steady flow of powder was not established for several seconds

according to these concentration c- ves. By increasing the power

input to the plasma-jet by 18 per cent, the tungsten concentration in

the tungsten-iron region was nearly doubled, increasing as it did

from 32 to 70 per cent tungsten, as indicated by these two curves.

I The concentration gradient of tungsten in the tungsten-iron

region was greatly improved by using the coating technique described

in Section 4.333 for Specimen No. 49 as indicated in Figure 22.

f Unfortunately, the conditions present during this coating procedure,

which involved low pushing preisure on low-melting metals, fa'ors

I clogging at the injection orifices in the Flasmatron head and is,

of course, detrimental to the coating procedure.

5.234 Thermal Shock Testo

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

coatings on 1020 steel specimens which were prepared specially for

I
I
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evaluation by thermal ahock 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 closely

with the coating-time used in t"- .pplication of these coatings to

the 1020 steel substrates (see Table VIb).

The "burn through times" obtained from the thernal shock

tests are entered in Column 13 of Table VIb. None of the tungsten-

iron graded coatings spelled during the Lhermal shock tests. The

"time of burn through" was increased by approximately two and one

half times that obtaineu for Rteel speciaens which were not coated.

The improved resistance tc spalling demonxstrated in these severe

thermal shock tests indicated no need for the development of furzher

heat treatments directed toward forming additional bonds between iron

and tungsten particles. This indication was confirmed by exploratory

heat treatments (5.2331).

5.3 Mechanical Shear Test

The mechanical shear test was applied to 1020 steel cylindrical

specimens whose exterior surface2 s had been coated with iron rather than

ýith a graded coating of a tungsten-iron mixture, as explained in

Section 4.35.

The plasma-jet coating data for the thirty-four specimens

prepared for mechanical shear tests are shown in Table Vila. The

heat treatment of each specimen after the coating procedure and Just

4j
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prior to sheer testing is given in Table VIIb. The maximum shear

strengths of the thirty specimens tested are given in both of these

tables. Figure 24 illustrates the method used in obtaining the

maximum shear strength values froto the two general types of curves

recorded on the Instron strip chart recorder during the mechanical

shear tests. Specimens that displayed brittle fracture have a symbol

after their Firing No. in Tables VIIa and VIlb. The maximum shear

strengths in pounds per square inch, shown in the last columns of

Tables VlIa and Vllb, were calculated from the total coated area

I (1.57 square inches) and the maximum compressive loads (p.unds)

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 coating thickness with increase

in the power input for three separate coatiag ti:ues. The 37 seconds

I (coating time) curve approached an upper 'imit tn coating thickness.

By estimating the highest point on the 37 seconds curve to be at 75

per cent of its maximum, it was possible to establish a relative

percentage figure, which might be called a "coating efficiency." Such

a "coating efficiency" is defined as the actual coating thickness

I divideu by the maximum theoretical coating thickness possible for;

given plasma-jet settings and a particular coating time.

In order to extend the estimation which provided a 75 per cent

efficiency valve for the 37 second curve ti the curves for 74 seconds

and 111 seconds coating time., it seemed logical at this poinr to

I 3 assus. that doulbling the coating tin&e would double the coating thickness,

I
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as indicated in Columns I and 3 of the following tabulation. The

measured coating thicknesses (Column 2) then provide corresponding

relative efficiencies (Column 4).

Curve Coating Coating Thickre Relative

Thickness at 100 0/0 Iff. 0/o Eff.

Col. I Col. 2 Coi.3 Col. 4

37 seconds .010 .0132 75 (estimated)

74 seconds .015 .0264 56.9

Ill seconds .0195 .0396 49.2

Note: Increase in coated area during the coating procedure
was small enough to be neglected.

The above calculations suggest that even 1hough coating time

is doubled or tripled for given conditions, "coating efficiency" does

not increase correspondingly.

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 sevironments

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

This condition was obviously due to the increased oxidation thot

I occurred during the coating procedure in the latter case. A

distinction between specimens coated for 37 seconds and for 74 seconds

was made in Figure 47. The shear strengths of the thicker coatings

1(74 seconds) were lower for specimens coated in the normal atmosphere

than they were for corresponding specimens coated in an inert atmosphere.

However, the general trend of the shear strength versus power input

curves was not materially affected by the above differences in coating

thicknesses.

It is evident from Figure 48 that the hEAt treatments

performed on the shear test specimens afLer the coating procedure

also affected the ultimate shear strength. Higher ultimate shear

strengths were obtained from specimens furnace cooled from 9500 C than

I from those specimens air cooled or heat treated at 650 0 C after the

coating procedure. Significant increases in ultimatt shear strength

and ductility were obtained when specimens were heat treated at 9500 C

aftir the coating procedure. The rapid decrease in shear strengt',i

shown !y sptcimens that were heat treated at 9500 C for more than five

I hours, was attributed to excessive grain growth. Detailed curves

that indicate the effects that two heat treatments, one just below

the lower critical temperature of steel (723 0 C) and the other just

above the upper critical temperature of steel (910 0 C), have on the

ultimate shear strength of iron coated specimens are given in Figure

49.

I
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As mentioned previously, this shear test, which was conducted

on iron-coated .peciatens rather thai. tungsten-iron coated specimens,

was investigated to establish its general value as a useful tool for

testing plasma-jet coatings. It was not the intent of this investigator

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

su',strates. Rather, the shear test was 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 pai cular heat treatment.

5.4 Radioactive Tracer Technique

The preliminary investigations that were conducted on several

refractor-y materials whose melting points are above 2800 0 C, (tungsten,

tungsten carbide, tantalum, tantalum carbide, ano zirconis) and a

selected variety of steels (1017, 1040, 4140, anC 8640) indicated the

usefulness of th- radioactive tracer techniiue to study the diftusion

rates vf refractory coatings into steels. The controlled diffusion

investigation of tungsten into 1017 steel described in o. ction 4.31

confirmed these results and enabled establishment of a standard

proc'-dure ":hich might be followed in investigating diffusion produced

by the Plasmatron equipumnw.. Figure 10 shows the conversion curves

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

Such curves will enable the determination of the tungsten concentration

in the given specimens if the numcer of counts per minute and the cross

4ectionsl areas of the specimens being investigated are known.
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Ccntrollied diffusion studies of plasma-jet sprayed tungsten

into steel were not conducted during this investigation because the

investigation concerned itself wit"- graded mixLxrea rather than pure

elements, in viev, of the greater proise incicatet& by thi. mixed type.

Further, the presence of oA^de layers and inciusion0,j unless

eliminated by improved coating tehcrniques an,. equipment,. wouldt act

as obstructions and would have great eofect or the repro:ucil)ility

of diffusion rates.

I
I
I
I
I
I
I
I
I
I
I
I



6.CONCLIS IONS

The observations made an(, the results obtained uuý_ring this

investigation have enabled1 the following conclusions to be drawn:

1. Extensive fusion will take place beticen plasma-jet

xpraye6 1020 steel or iron and a 1020 steel substrate

if tinare are no o;ýde layers present at the interface.

2. It is possible to for~a an interrmeitate alloy between

tungsten and stoel with the plasma-jet. However., even

very thin oxicde layers on the surface of these metals

wilk prevent the formation of this intermediate alloy.

J. Coating tungsteu directly on steel will not produce

athickt enoughA intermediate alloy zone, between the

steel anu~ the tungsten coating, to provide an

expansion graclient that w~ill -1t~hatand sevece thertmal

sbock conm'Ltions,

4. T~li hotter and more plastic that the tungste.e' p,),rticles

are jkist before2 strikin~g the sulbstrate, the greater is

rhe density of ti~iý i~oattng.

5. The density of the tutigsteI. coatitn,', to limproved by deposit-

ing the tungsten on the stee~l in an inerL atmosphere,

A. Fusion bonding is increased at the interface oi a p~asme'.

jet sprayed coating of tungsten, &ron, or steel substrate

If the subitrate is pce-heeted belov the tirst tranforuastcrio

55
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I temperature of steel.

7. Heat treatments -t 950°C will increase the fusion

I bonu at the interface of the graded coatinýxs on

1 1020 steel substrates.

8. There is no apparent advantage to b-at treating

I graded coatings of tungsten-Iron on 1020 steel

substrates at 950 0 C for more than one lour.

S9. The graded costings discussed in this investigation

will not spall after the ct.nting procedure if they

are immediately heat treatec and furnace cooled.

S10. The coating efficiency is mainly dependent on the

power input to the plasme-jet. The coating efficiency

I is increased with incceased power input.

II. The coating effi• ency decreases with increasing

I coating time.

12. The mechaoical shear test is a satisfactory wthod of

testing the shear streut1,h of plasm-jet sprpyed

I coatings.

13. The ultimte shear strengths of spl-cii*ens cotted iv

I an ine-t atmosphere are supericr to those o7 upecimeens

coated in a noruIl atmsphere.

14. Higher ultiv•te sheA. .Lreingths can he obtained at

higher power input settings tc, the jiAsaa-jet are

used when coating iron on 1.2C steel c- inceri.

SIS. Dif'ere,•ce in the coatt,.: thicknesses of thi relear

i test specimens will rot affect the c-neraj trenda

I
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being invest'.gated by this amchanical shear testiug

method.

16. The tungsten-iron gradisted coating on 1020 steel substrate

cz.i withstand extreme therwal shock conuitions without

spalling.



I

I

I RELDMENDATIONS

It is believed that the equipment use6 in this investigation

coeJld be improved, The astnspheric chamber requires excessive inert

gas to establish an inert atmosphere. A vacuum chamber large enough

to contain the same equipment used insi-e the present chamber would

be nbore desirabIe. 1Tis vi,,uum chamber shouldt have at least two glove

parts or a pair of rzechanicsl hands. A larger access door anc an

I interlock chamber would increase working efficiency.

The present feeding system causes clogging of the injection

orifices and does not allow 4ifficient residence time of coating

powders in the plasma-jit. Both of these difficulties coul( be

eliminated with a commercially available modulator assembly. A

I mechanical powder-feed system should be adapted to eliminate

fluctuation in the feeding rate cause( by the hydrostatic head

variations in the present pressure-hopper feed system. The present

feed system could not be controlled sufficiently to permit desirec

dispersicn of tungsten in the tungaten-iron region to be obtained.

Increased fusion bonding without distortion of the steel

(might be possible if the entire substrate were to be pre-heated to

950 0 C and imnediately coated. This procedure might be accomplished

I at the end of any heat treatment normally given a steel if slow

cooling cculd be tolerated. A plasma-jet and supporting equipment

I adapted to an inert atmospheric furnace would provide the mean's for

1 58
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this procedure.

The versatility of tbe plasma-jet gun could be greatly

increased if *t least an 80 kiltmatu- power supply were available.

This increase would allow the use of inert gosej other than argot,

ir the gun to establish the plasma-jet. The maxim.um coating

efficiency could then also be obtained for rz:st coating materials.

____ ____ ____ __ _ ____ _ 5 .



REFERENCES

Botchelor, L. E., "Sprayed Alurminum Re~uces Compreseor Clesranc.!,"
American Machinist, Vol. 102, October 2G, 1956, pp. 140-141.

Pertossa, R. C., "New Metals and Processes,' Metal Treating, Vol. 9,
November-December, 195&, pp. 2-4.

Browning, J. A., "Plaamc-Substitute for the Gxy-Guel Flame," WelCinp,
Journal, Vol. 38, Saptember, 1959, pp. 170-875.

Dickinson, T. A., "Flame Spraying Ceramic Coatings," .roCuction,
Vol. 41, March, 1958, p. 84.

Eisenlohr, A., "Properties of Plasma-SprayeJ Materal1s," Qiuarterly
Progress Report I and 2, Sponsored by W.A.D.C. Air Force
Contrat.t No. 33 (616) - 6376, (19,c1).

"11yeo, G. A,, and Jobrs, U, L, "An Irvati-gt`%.oi of the Feijibility
of Forming Alloy Coatings with a Plasma Jct," Naval Ordnance
Test Station ,.C.ToS. TP 261,', NA-viaEPS Report 7617),
February 2, 19"-y, p. 38.

Klug, Hi. F., and Alexanider, L. Z., "X-Ray Diffraction Froceuure,"
John Wiley and $onsy tic., (1954).

Levensten, M. A., 'Properitis o• the Fefraccory Metals Sprayed Urder
Controlled Environmert0'" Jou'nal, £f Metals, Vol. 14 No. 2
February', 1962, p. 137.

Linde Compfny, "10,O00 Dcgrees 6 tll tLe Plaima Jet," Journal of Metals,
Vol. 11, Janiary, 1'759, pp. 10-4:,.

Linde Company, "Plasma Arc Torch liahers fn Neu fabricating, Coating
Methods." Iron Age., Vol. 182, December 4, 3959, pp. 136-1-7.

Linde Compsay, "Uas Arc Feucess Coats anu Forms Refractory
Material," Space Aeronautica, Vol. 12, July, 1959. pp. 105-109.

Mash, 0. R•, Weare, N. E., and Walcler, D. L., "Proces. Variables in
Plasma Jet Spraying," JournAk of 4,t ___ Vol. li, No. 7,
July, 1961, pp. 471-478.

Metallizing Engineering Company, "Hethod for Measuring lone ,trengtb
of Sprayed -etsl Coatings," New York (1957).

60



Oechbae, S. T., "Metal Spraying-Development and Application,"
Metal Finiabin&, Vol. 55, December, 1957, pp. (,,, 71-76,

Shepard, S. W., "Refractory Metal: W, To, Cb, and Re," hj1 h
Temperature Materials, John Wiley and Sons, Eew York 16
(1959) pp. 306-318.

Thermal Dynamisf Corporation, "Plaiwi Temperature as a Nunction of
Gas gnergy," graph, hanover. N. H. (11P 1).

Ow



63

-4 U- OZ -4

C14
~lkl

~jj

"IFO

- fl- 0

- .



APPEND ICES

APPENDIX A

TABLES

62

S- • . .Hi l I _ -J" lia --- • -I



65

u Qd

Ct ý.1 08 a
__ ^_ A" (N C1 I CQ(1 (

+ + +

C,4 Ed! 4 ý

.4 10 0

w x~ 044

41 3

.4 -2 A

C- li co E 41 .
-4-

o3- C44J O C,

0 Ai~' 41 8, U

AjCi a 00

< .0 c Ur
j-41

f-q .i ( 4) 44.

o~J 5? r- 14N

I __ __ _ __ _ __ _41 4)0 a))
u w 41 410

060 )

Ad .01 "AV61

0 V4 0.4-0

"4) :,A 0 % %C V4 a0 0 u 0V.

zi CA A I 0 0
a~m 0, 41

- V- -4 N ae %4be -

* 4 0d V30 N 4LO % ,%000% P

w 9-4 C4 N N C4 414C N N4 m.04( +C4%1



64

a a at a a X a x x x

go ~ a o ~ Xx 14 X

ccc

I I

(N X I a X a I I aI

a ~~ xx x a'a xt

*1 -1I0
0 N

I- coC c4C 0 m.o w

40 0ý#.~

* ~ ~ ~ ~ ~ .a * 'x as xx



67

C. 4 -~ 4 - -

a cm

oQco

WN4Lt ~ f Lr% ' 4 f

~ 3 40

Lt) Y 0

:4 0

L^ CAM

- 8 -c 0

A.11
Up7  IN Vý V' % LAi 0; 7 7 ; ; 7

A 4 e4 r 4-

41"'I

Id %QQ LA
ad~



66

m

- Table Ilb

MICi•HARDNESS SURVEY OF A TUNGSTEN-1020 STEELI GRADED COATING ON 1020 STEEL SUBSTRALTE

I Vickery Diamond Pyism-d !Lardneps - 100 lood

Condition of
Specimen No. 30 1020-Steel Coated 1020 CoatedI Plate Stel Tunatten

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

Aa coated 146 205 464

Heat Treated at

650 0 C - I hour 110 149 464

Heat Treated at
950'C - 1 hour 108 146 464

I
I
I
I

I
I .
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Tab le IV

ODUNTS PER P£UTE VS. WEIGHT OF TUJNGSTEN

Weiht Counts per Minute Spectrum

Specimen Tungsten Feaks of Tunasten

No, (RM .686 .480

1 .0002 133p215 44,558

2 .0006 184,399 130,972

3 .0012 258,436 186,043

I 4 .0015 315,794 234,223

1 5 .0028 493,633 367,240

6 .0035 579,400 434,709

1 7 .0056 873,036 650,601

i
I

I
I
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Table VIIa

SUWARY TABLE OF PLASKA-JET (MATING DATA FOR ý,EAR I&ES SI5ACIMb

U No. Arc . o. .. n.2 u t Thick- Shear

Flow Variac Time f ness S tregt
i Mater .. i Setting] Amps (sec.) (in.) lb. psi

87 3.5 iOO 2.9 500 37 .0045 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 3/ .007 1430 911
91 # 3.5 100 5.5 850 37 .009 1940 1239
92 3.5 100 5.5 850 74 UL2 620 39593 3.5 100 2.9 500 74 .007 2550 1695

94 3.5 100 6.0 850 7"4 012 3500 2235
95 3.5 100 2.9 500 37 005 2300 1525
96 3.5 100 6.0 850 37 .010 2850 1815

97 3.5 100 4.0 650 37 .007 2350 1495
98 3.5 100 4.0 650 74 .0085 3200 2045
990 3.5 100 6.0 850 74 .013 2200 1400

1000 3.5 100 6.0 850 74 .011 1900 1210
101 3.5 100 6.0 850 74 .012 4015 2560
102# 3.5 100 6.0 850 74 .012 1450 922
103# 3.5 100 6.0 8.50 74 .011 1080 688
104 3.5 100 6.0 850 74 .012 3800 2420
1050 3.5 100 b.0 850 74 .013 2200 1400
106 3.5 100 2.5 400 74 .005 2020 1285
107 3. 5 100 6.0 850 74 .012 2520 1605
108 3.5 100 6.0 850 ill .014 3250 2080
109# 3.5 100 6.0 850 74 .011 1170 745
110 3.5 100 6.0 850 74 011 I 1500 955
111 3. 5 100 6.0 850 74 .012 3750 2390
112# 3.5 100 6.0 850 .010 1775 1130

130 3.5 100 6.0 850 74 .011 820 521
114 3. 5 100 7.9 1000 74 .016 4925 3140
115 3.S 100 2.5 400 37 .0035 1725 1100
116 3 5 100 7.9 1000 37 .010 4675 2980
117 3.5 100 4.0 650 Ill .0085 ....

3.5 I00 7.9 1000 111 .0195 . .

i9 3.5 100 2.500 ill1 .0067----

SStand-off Distance - 6 1/2"

j Pro-heated to WC0 250 C

# Specimn that displayed brittle fracture under shearing stresses

ii
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Table VIIb

SUMMARY TABLE OF SHEAR TESTS

History of Coated Specimens Before
Shear Test Maximum

Firing Shear
No. Air Furnace Hours Hours Strength C

Cooled Cooled Heat Heat
From Treated Treated
950 0 C at 6500 C at 9500 C b lb.

87* i i480 942

88 * [ 1440 9 IF.
89 * 1 1070 682
90 * t 1430 911
91# * 1 1940 1239
92 * 1 620 395
93 * 1 2550 1625
94 * 1 150O 2235
95 * 1 230 1525

96 * 1 2850 1815
97 * 1 2350 1495
98 * 1 3200 2045
99# * 2200 .400

I00# * 1 1900 1210
101 * 4025 2560
i02# * 3 1450 922
1003 * 1080 688
104 * 3800 2420
105# * 9 220C 1400
106 * I 202(9 1285
i* 9 2520 1605
.08 * 1 3250 2080
1091 * 1170 745
11* 150 955
Ill 5 3750 2390

120 * 5 1775 11)0
114 820 521

114 * 1 4925 3 14Q
115 * 1 1725 11 -0
116 * 1 '.675 90

117 * 
46

I18*.. .. .
118 * . .. .

120 *

# Specimen that displayed brittle fracture under
shearing stresses.

S0.05 in/min. strain rate
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Ett

Figure 2. 14-5O Flasxtron Head Assembly Supported on Top of the

Console and ConnectJ to the Atmosphere Chaaber. A
stainless steel 0-ring mkes this connection air tight.

Nitrogen gas pre-heater and working pressure gauge

art shown in the background.
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Figure 3. Flasmatron Consule Fanel. Thc No variable transformrs
on t-p of the console supply the power to the nitrogen
gas pre-heater and the tubular furnace mounted inside the
chamber.
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Figure 5b. Rear View o" Inert-Atcaosa,1 ere Chamber, The ultraviole-
shield is in place. The internal lightig systew La

ascn on top of chamber. Three argon bottle, are located
near the corsole. Two bottles supply the two powder

hoppers and the third bottle supplies the plosma-jet.
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Figure 6. Jig with Assembly for Positioning 7" x 2" x 1/8"
Plate in Front of the Plasma-Jet. iProtection
cabinet for jig has been removed.
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mira

Figure 7. Jig with aasswbly for positioning V" dis. x 1" long
cylinder'- used for shear tests. Protective cabinet
for jig has been removed.

=4
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Plasms-Jet Pre-Heat Time (sec.)

Figure 9. Typical tie-teuperature curve for 1020 steel plate
Specit•ns (7" x 2" x 1/8"), pre-heated with the plsscma-
jet. Specimen was 6-1"2" frc front elect-ode (Argon
flow meter at 1.S (10C psi) and variable transf-rer
set for 850 ,•ps).
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Speciam No. 344

I -4-
1020I0 Steel Po W

A.C. 0 .-. -4
H.T,(1 ,,.) O.----- I

35 rI
1020 Steel Inter ace Coated

Substrate Region

300

i /I

" I

2.50

0

I

j ~1so - /

500I I

2.4 2.0 1.6 1.2 0.8 0.4 0 0.4 0.o 1.2 1.6 2.0 2.4

I Dgstance frm 1-*1020 Steel Interface (m).

Figure 11. Nicrohardnoss survey of a W-Fe graded coating on 1020-Steel
I plate (7" x 2" x 1/8").
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Specimen No. 40 I

400h Steel Fe W IH.T.(l hr.) •

350

1020 Steel Inter face Coating
Substrate Region

300 -

S 250K

I I
I I

U I'

200 I
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50 L____I 1 L .4 1 I
2.4 2.0 1.6 1.2 0.8 0.4 0 0.4 0.8 1.2 1.6 2.0 2.4

Distance From re-lOlO Steel interface (m).

Figure 12. Microhardness survey of a oJ-Fo graded coating on 1020-steel
p1st, (7" x 2" x 1/8"').
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Distance Pros Fe-1029 Steel (Interface (m).

I Figure 13. Micrehardness survey of a W-Fe graded coating on 1020-steel
Plat. (7' x 2" x 1/8").I
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Specimen No. 43 I
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Distance fro Ve-1020 Steel Interfac (m).

figure 14. MicreDtardness survey of a W-o - graded costing on 1020-ste(l
Plate (7" x 2" x 1/8").
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Specimen No. 52

400 Steel FeW

H.T.(3 fir.) +~

p~c. --- 4'* I

350

300

___1020 Steel Inter tce Coatoed

I SubstratL jRegion
250H

z;200f
E

I-. I

Distance TVom Ft-'.-2O Steel lnterface (am)

Figure ir. Microhardness Survey o&' a 'W.?e Graie-d Coating on~
1020-steei Plate (~Ix 2x 1I')
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M Figure 17. Microhardness Survey of a W.?e Graded Coating on

1020-Steei Plate (7" x 2" x 1/8").
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Specimen No. 55
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3501 I/I I
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Figure 18. Hicrohardness Survey of s W°Fe Graded Coating c
1020-Steel Plate (7" x 2" x 1/8").
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Specimen No. 56
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!I
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300
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V 200I '.
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Distance From Fe-1020 Steel Interface (mm).

I
Figure 19. Microhardness Survey of a W-Fe Graded Coating on

102j-Steel Plate (C' x 2" x 1/8").
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Figure 20. !4icruhardness Survey of a W-Fe Oraded Costing on
"1020-Steel Plate (r, x 2" x 1/8").
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Tungs ten
Coating

Oxide Layer

- • .•.-- .• • " • -• -. :•,''-• ,•--• :,_ ---'. - • ,. 1020 Steel

7igure 25. Specimen No. 7 Prelleated to 5300 C and Then Coated With
Tungsten Powder (+3A,5 mesh) in Air; Etched with 3 per
cent Nital for 10 soec. (125x).
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I

I "p. -'a,

I Tungsten
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-1020 Steel

Figure 26. Specimen No. 7 ?~reheated to 530 0C. and Thn CCoatej With
Tungsten Pow.der (+325 w~h in Air; Etched -~i.-h 31 per
cent Nital Afor 10 sec (700'x).
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Coating

ir-ermetallir
and oxide

1020 Steel

Figure 2.Speci,,,n No. 10) Frehested r-o 4850 C and Thon Oosted with
lurisaten Powder (+325 mesh) in~ an Inert Atmaphere;
Eltc~ied I'r 3per cer.- Nital for 10 s"c. (Iwxý.
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1020 Steel

Fgr 28 •,•••,•=. Spcie N. -. 1••_/• Preheate to. 508 C an hnCae

with-Tu-, ng.st.-n.Powde (+325 .'h i,

p

1- lFigure 28. Specitnen I% '1 Preheated to 5080 C and Then Coated
Sv~wth Tu-ngsten Powder (±325 msh) in at, Inert Atmos-

phere; EtchedJ vitI. 3 per cen~t Nital for 10 sec. (125xi.
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• . •'."Coating

• . il, IllIntenlmtallic

SF, . ". -and oxide
' ""- "i... '.t:,.-• -•layer

1020 Steel

Figure 29. Spectwen No. II Preheated to 508°C and Then Coated
with Tungeten Powder (+325 mesh) in an Inert Atumo-
phere; Etched with 3 per cent Nital for 10 see. (700x).
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4 .4

p.n ,,m( •. ° • . .

Figure 30. A Cross-Sectional View of the Coating That Spalled
From Specimen No. 18 During Cooling (As Polished.
125x).
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A~.P 4 . Tungs ten

Layer

Mixture of
Tungs ten
and 1020
Steel

A r

Figure 31. The Spelled Coating oi: Specimen No. 21.
Grided Coating of 1020 Steel (+325 meah)
anad Tungsten (+325 mesh). Etched with
3 per cent Nital for 10 sec. (75x).
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I
I

Layer

I, - .Sprayed 1 020 Steel

1020 Steel
Plate
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Figure 32. Graded Coating of Tungsten and 1020 Steel, Sprayed
on 1020 Steel Plate Pro-Heated to 4870 C. in an Inert
Atmosphere (Specimen No. 19). Etched with 3 per cent

I Nital for 10 sec. (75x).
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Sprayed
1020 Steel

Fusion Zone

L

a -

1020 Steel

Plate

Figure 33. Graded Coating of Tungsten and 1020 Steel, Sprayed
on 1020 Steel Plate Pre-Heated to &87rC (Specimen
No. 19). Etched with 3 per cent Nital for 10 sec.
(1OOx).
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Figure 34. Graded Coating of Tungsten and 1020 Steel, Sprayed
on 1020 Steel Plate Pre-Heated to 348 0 C in Air (Specimen
No. 22). Etched with 3 per cent Nital for 10 sec. (75x).
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Sprayed
1020 Steel

Fusion Zone

1020 Steel
Plate

Figure 35. Graded Coating of Tungsten and 1020 Steel, Sprayed on
1020 Steel Plate Pre-Heated to 3480 C in Air (Specimen
No. 22). Etched with 3 per cent Nital for 10 sec.
(400x).
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Figure 36. Graded Coating of Tungsten and 1020 Steel, Sprayed
on 1020 Steel Plate Pre-Heated to 701 0 C in an Inert
Atmosphere (Specimen No. 30). Etched with 3 per cent
Nital for 10 sec. (75x).
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Fa

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 0 C in an Inert
Atmosphere (Specimen No. 30). Etched with 3 per cent
Nital for 10 sec. (11000.
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1020 Steel
Coating

Fusi-rn Zone

Figure 38. Gradee Coating of Tungsten an, 102.0 Steel Sprayed on 102-0

ziteel Flate Pre-.,ýeated to 70102 in an Inert Atmosphere

(Specimen No. 3,0). Reat treated for 1 hour at 9500C and

Furnace Cooled ( lS0 C/',nin) . Etched viith 3 per cent Nital

for 10 sec. (150x).
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Sprayed Iron

Fe-1020 Steel
Interface

1020 Steel

"S. Plate

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

in an Inert Atmsphere. The substrate was pre-heate•'

to 4900 C (SFecimen No. 34). Etched with 3 per cent

'ital or 10 s 2c. (400x)
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I
I

Plasma-Jet

Sprayed Iron

I

Fe-1020 Steel
I Interface

I
1020 Steel

I! Plate

I
I
3 Figure 40. Plasma-Jet Coating of Iron on 1020 Steel Substrate in

an Inert Atmosphere. The substrate was pre-heated to
4900 C. (Specimen No. .4). The specimen was air cooled
and then heat treated for 1 hour &. 9500 C. Etched with
3 per cent Nital for 10 sec. (400x).
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E*.

Tungsten plus
Iron Region

Iron Region

1020 Steel

Figure 41. Tungsten-Iron Graded Costing on 1020 Steel 54betrate
(Specimen No. 41). The substrate was pre-heated to
6300OC, coated in an inert-atmsphere and furnace cooled
from 9500C immediately after coating. Itched with 3
per cent Nital for 10 sec. (75x).
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Sprayed Iron
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I
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Figure 42. Plasma-Jet Coating of Ire- on 1020 Steel Substrate
(Specimen No. 41) in an Inert Atmosphere. The substrate
was pre-heated to 630°C; furnace cooled (7 1/2°C/min)
from 9500 C immdiately after coating, and heat treated
for 1 hour at 9500 C and furnace cooled. Etched with 3
per cent Nital for 10 sec. (450x).
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Tungsten

Tungsten
Plus Iron

Iron

1020 Steel
Plate

Figure 43. W-Fe Graded Costing on 1020 Steel Substrate
(Specimen No. 53). Hest treated for I hour
at 9500C. Etched with 3 per cent Nital for
10 sec. (750).
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Figure 44. W-Fe Graded Coating on 1020 Steel Substrate (Specimen
No. 65). Etched with 3 per cent Nital for 10 sec.[ (15Ox).
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Figure 43. Effect of Power Input to Plasma-Jet on Coating
"Efficiency for Three Different Coating Timee.
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Figure ~.Effect of Power Input to PleasmaJet and
Coating Time on Coating Efficiency.
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Figure 47. Effect of the Power Input to the Plasma-Jet
on the Shear Strength of Iron Coatings on i020
Steel Cylinders.
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I
Figure 4I. Effect of Heat Treatments on the Shear Strength

of Iron Coated on 1020 Steel Cylinders.
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Figure 48. Kffect of Specimmens History on the Shear Strength

ii of Iron Coated on 1020 St~eel Cylinder.,
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