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TUNGSTEN AND A STAINLESS STEEL SUBSTRATE

by William A. Spitzig and Salvatore J. Grisaffe
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Lewls Research Center

SUMMARY

4§§i;erimental results show that alloy bonds can be formed between tungsten
particles and a 304 stainless steel substrate during the plasma-sprayling proc-
ess. rﬁ heat-transfer analysls has demonstrated the feasibility of raising the
temperature of a 304 stainless steel substrate directly beneath a tungsten
particle to temperatures near the melting range of the substrate and thereby
giving rise to high diffusion rates, which promote bonding.| This local temper-
ature rise occurs when the tungsten particle gives up its energy, obtained as
a result of traveling in the plasma stream, to a small reglon in the stainless
steel directly beneath the particle. This reglion is raised to temperatures
near its melting range and cooled to arocund 500° F in approximately'lO‘5
second. :

INTRODUCTION
w, 3
[Fhe bond stremgth of a plasma-sprayed coating is generally attributed to
mechanical Interlocking of the deposited particles with a substrate having a
roughened surface. In previous work by the authors (ref. 1), however, the
nature of the coating-substrate bond was studied in the absence of mechanical
interlocking; that 1s, the substrate surfaces were metallographically polished.

"In that study plasma-sprayed tungsten particles exhibited excellent adherence

when sprayed onto a 304 stainless steel substrate. This result was rather
surprilsing, since the surface of the substrate was metallographlically polished
and the substrate was not heated prior to spraying. This seems to indicate
that the temperature in the stainless steel underneath the tungsten particle
can become high enough to allow bonding to occur between the particle and the
substrate, even though the overall temperature of the substrate is near room
temperature. The purpose of this investigation was to analyze the bonding
mechanism between plasma-sprayed tungsten and 304 stainless steelj

Bﬁﬁ ﬁ%iis report gives the experimentally observed metallurgical nature of the

tungsten - 304 stainless steel interface and an analysis of the temperature
distribution in the stainless steel substrate as a function of both time and
distance beneath the interfacgj‘ The analysis is essentially an energy balance
in which the energy of a tungs eqﬂﬁg§ticle (thermal and kinetic) is assumed to
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be transferred to the stainless steel substrate./jfﬂe temperature distribution
in the substrate is|then)obtained by a standard solution to the classical dif-
ferential equation for heat conduction. The apﬁearance of the tungsten -
stainless steel interface 1is discussed in the light of the analytical results.
.,lz/v/vZ

MATERTALS AND PROCEDURES
W

v [The particle size of the tungsten powder ranged from 62 to 30 microns.
The substrate material was 304 stainless stee1“£§Spraying was performed in air
with a plasma spray torch operating at the following fixed conditions:

Spray nozzle inside diameter, in. .. . . . . .

Current, ampP « « « + v « v 4 4 v v e e e e e e e e
Voltage, e e e e e e e
Plasma-nitrogen flow rate, cu ft/hrl e e e e e e
Plasma-~hydrogen flow rate, cu ft/hr v e e e e
Carrier-nitrogen flow rate, cu ft/hrl e e e e e e
Avger- type powder hopper setting . . . . . . . ...

The 304 stainless steel was cut into 1- by 1-inch
1/8 inch thick. These squares were mounted in self-curing exothermic plastic

squares

N &Y
. i . . . 450
N -10)

« + + v . . . 80
T K¢
S 1 ¢

ceo ... 11.9)

approximately

and metallographically polished to produce a scratch-free surface. These
squares were left in the original polishing mounts, and the tungsten particles
were deposited on them by mov1ng the mounts at right angles through the plasma

Tungsten
particle

Affectedy’ \ : . \
pand =/ i , " \einter-
) Liineof | . facial

etch pits: ‘ zone |

304 Stainless steef

69959

Figure 1 - Cross- sectlonal view of tungsten particle on 304 stainless steel substrate for 3-inch torch-to- substrate distance. Etchant, oxallc acid.

X1000.

lStandard cubic feet per hour.
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stream at a rate of approximately 1 foot per second. At this rate, particles
were deposited on the substrate in such a manner that individual patrticles
could be examined. This method also prevented the substrate from being heated
to any great extent from the plasma during the deposition process.

’

RESULTS AND DISCUSSION
Expefimental Observations

A typical cross section of a tungsten particle on the stainless steel sub-
strate is shown in figure 1. This figure is for a specimen sprayed at a 3-inch
torch-to-substrate distance. Specimens sprayed at other torch-to-substrate:
distances (4 to 6 in.) also exhibited excellent adherence between the tungsten
particles and the stainless steel substrates. , '

Close examination of .figure 1 shows that directly under the particle an
interfacial zone exists, and beneath this zone a line of discontinuity is ‘
present that follows the contour of the interfacial zone. Examination of this
zone in the unetched condition showed that no voids or oxide films were obser-
vable between the particle and the substrate. The curved interface between the
tungsten particle and the stainless steel substrate is in direct contrast to
the relatively straight line type of interface that is usually present between
a tungsten particle and a tungsten substrate (ref. 2). : »

o

Figure 2. - Electron micrograph of cross section of coating and substrate for 3~inch torch-to-substrate dis-
tance. Etchant, oxalic acid. X9600.



Figure 2 is an electron micrograph (X9600) of the region beneath the
tungsten particle showing the interfacial zone and line of discontinuity in the
substrate. Directly beneath the tungsten particle is an interfacial zone ap-
proximately 1 micron in depth. Approximately 4 microns below the tungsten par-
ticle 1s the line of discontinuity. The stainless steel between this line and
the tungsten particle is designated the affected band. This line of disconti-
nuity was found, by higher magnification electron micrographs, to be a row of
etch pits. The cause of these etch pits is not apparent at present.

From figures 1 and 2 1t is apparent thatr& reactiogjhas bceurred between
the tungsten and the stainless steel that resulted in the interfacial zone di-
rectly beneath the particle, |

Fﬁlectron probe traverses across the tungsten stainless steel interface
showed that concentration gradients of lron, chromium, nickel, and tungsten
exlst across the whole affected band. Because of the smallness of this af-
fected band (approximately 4 p), no significant quantitative measurements of
the gradient through the region could be obtained. An average of readings in
the center of the affected band, however, showed a tungsten concentration of
about 6 weight perceng;J

Microhardness measurements with a 5-gram load across the interface showed
that the affected band (diamond pyramid hardness, 305) was intermediate in
hardness between the tungsten particle (DPH, 400) and the stainless steel sub-
strate (DPH, 205). This increase in hardness over that of the stainless steel
substrate could have resulted from solid solution hardening or the presence of
unresolvable intermetallic compounds.

Metallographic, microprobe, and hardness measurements indicate that the
bond between a tungsten particle and the stainless steel substrate is of the
alloy type as a result of the diffusion that occurs after the hot tungsten par-
ticle impinges on the stainless steel and before it cools down to room tempera-
ture. Therefore, even though the hot particles are rapidly cooled on impact,
the low thermal conductivity of the stainless steel apparently allows diffusion
to occur over distances in the range of 2 to 3 microns. Such a diffusion bond
obtained in the short time involved is surprising. For this reason an energy
balance analysis was made in an effort to determine the temperature in the
stainless steel substrate directly beneath the particle. This was done to de-
termine if it is possible for the stainless steel substrate to attain localized
temperatures that are sufficiently high to enhance diffusion rates and there-
fore allow diffuslon to occur over distances of 2 to 3 microns.

Heat-Transfer Analysis

As the tungsten particles are traveling in the plasma stream, they are
heated to a high temperature. The heat that must be absorbed Q by n moles
of material with a specific heat cp to increase the temperature of the mate-
rial from T to Ts is




T, -
Q=n { cp AT (1)
1

where Cp is a function of temperature. This equation assumes that no trans-
formations occur on heating between Tq and T, and for tungsten this assump-
tion is valid up to its melting point %61700 F).

A previous investigation (ref. 1) showed that the average temperature of
the tungsten particles (particle size range, 62 to 30 u) traveling in the
plasma stream was approximately 3550° F when they reached a point 3 inches from
the nozzle. It was also determined (ref. 1) that at this dlstance the temper-
ature of the center of the tungsten particle should be the same as that of the
surface for particle sizes less than 100 microns. (The particle slze of the
tungsten powder used in the investigation reported hereln was 62 to 30 w.)

The tungsten particle shown in figure 1, which is typical of all the par-
ticles observed, can be approximated by a disk with a dlameter of 0.094 milli~
meter and a height of 0,008 millimeter. Since the tungsten particles become
spherical while passing through the plasma stream (ref..S), the original size
of the disklike tungsten particle in figure 1 was calculated to be a 47-micron
sphere.

[The heat absorbed by a 47-micron tungsten particle, while traveling in the
plasma stream, as a result of its temperature being increased from room temper-
ature to 3550° Flcan be calculated from equation (l). When values of cp as a
function of temperature from reference 4 were used, the heat absorbed [Was calcu-
lated to be 7.5x107° calorie.} (See appendix A.)

fﬁhe average velocity of the tungsten particles as they impinge on the
stainless steel substrate 3 inches from the torch has been determined to be
about 240 feet per second|(ref. 1). [Therefore, #he kinetic energy that a 47-
micron tungsten particle attains just as it impinges on the substrate is about
0.07Xx10™° calorie. Thus the total energy of the tungsten particle Q' is
7.57X107° calorie.| .

If the stainless steel substrate 1s assumed to be a homogeneous isotropic
solid with constant thermal properties, the differential equation of heat con-
duction can be solved to give an equation (ref. 5) that gives the temperature
in the stainless steel beneath the particle as a function of distance from the

surface and time:
) Q' Y | z2
AT = 1 - exp(— -——-) exp(- —_— (2)
Zﬂazpcp 7Kt [ 4Kt 4L

where
AP increase in temperature above room temperature, %k

Q' total heat units supplied from tungsten particle, cal




a radius of disk-shaped particle, cm

p density, g/cm3

cp specific heat, cal/(g)(°K)

K thermal diffusivity, k/cpo, cm?/sec

k thermal conductivity, cal/(sec)(em)(°K)
t time, sec | |

Z distance in substrate perpendicular to surface and directly below center
of particle, cm : -

The use of this equation for the case at hand involves the additional
assumption that the tungsten particle acts as an instantaneous disk source of
thermal energy. The actual situation 1s much more complex than this; however,
it was felt that this analysis would yield results that would serve as first
approximations. The source gilves up its energy to the stainless steel sub-
strate directly beneath the particle over a circular area of radius a. Equa~
tion (2) gives the temperature distribution in the stainless steel as a result
of thils energy beilng supplied at its surface.

In the case of 304 stainless steel the assumption, inherent in the deri-
vation of equation (2), that the thermal diffusivity remains constant is not a
great source of error since both the thermal conductivity and the specific heat
increase at essentially the same rate with temperature (ref. 6). The effect of
thermal expansion in the stainless steel is neglected in this equation, and the
density was taken as constant over the whole temperature range. The following
table lists the values of the thermal diffusivity over a temperature range
where applicable data were found: " :

Temper- { = Thermal Specific Density, [ Thermal
ature, conductivity, heat, D, diffusivity,
OT, . k, Cp, g/cm3 X,
7 cal/(sec)(cu)(%K) | cal/(g)(°K) e /sec
(2) ~ (a) (v)
100 32.2x10-3 0.110 7.9 4.28x10-2
800 49.6 ‘ L137 4.59
1600 ] 62.0 154 5.10
€2400 71.0 .180 v 5.0L

&Data for 301 stainless steel taken from ref. 6 (appropriate
data were not available for 304 stainless steel).

Ppats from ref. 7.
CExtrapolated.




From this table it is apparent that the ratio does not vary considerably and
the maximum variation is about 19 percent. This variation is not considered
significant since the available thermal data are not usually very accurate.
Also, since the thermal diffusivity enters into equation (2) as a square root
or as an exponential term, the effect of the slight difference in its value is
further reduced.

[KSsuming an ideal case, where all the energy contained in the tungsten
particle, thermal and kinetic (Q' = 7.57X107° cal), is transferred to the
stainless steel substrate directly beneath the particle, and using values of
a = 4.7X1079 centimeter, p = 7.9 grams per cubic centimeter, cp = 0.180 calorie
per gram QK, and K = 4.75X107Z square centimeter per second (an average value
from the table) enable calculation of the temperature under the particle as a
function of depth and time.| Substituting these values in equation (2)'and‘
simplifying give the following relation for T: .

T = ____C\))%g [l - exp(— —————l'l&élo >]exp(— —-———5'21 z >+ 298 (3)

where T, z, and t have the

Distance below surface of substrate, units °K, centimeters, and
3000, 7, seconds, respectively. (See
s W I appendix B.)
1.25 Approximate melting point )
5 000 15 of 304 stainless steel The temperatures at various
£ fi fF:: distances in the stainless steel
i // L AN substrate as a function of time,
£ 1000 L3 N as calculated from equation (3)
= Al ////47]\“é§%\\ are shown in figure 3. (A
// A S sample calculation is shown in
0 dlli=Se - ——: appendix B.) Figure 4 shows the
108 07w U 103  maximum temperature that the
Time, sec . substrate underneath the parti-
Figure 3. - Calculated temperature distribution in 304 stainless steel - cle can attain at various dis- -
:::cs;r;;foae;]ﬁ?gcgngsten particle as function of time 3n£1f1is- l ta}nces b?,lo"_’ the surface. Tl.lese
» [Catculationsl Figures [indicate that very high
3000 localized temperatures can be attained in the
_L _l _J ! ’ stainless steel. From these figures it is
1 Approximate melting point ———] apparent that at distances to about 1.3
& N, 0f 304 stainless steel : microns below the surface the stainless steel
& N can be raised to its melting range.| This is
£ N the maximum depth to which the substrate can
g 1000 \\\\\\ be heated to its melting range, since the
2 ~ ideal case was assumed, and in general the
depth would be reduced. This distance was
0 , , calculated on the assumption that the liquid
1 2 3 4 5 and the solid have the same thermal properties
Distance below surface of substrate, z, and a negligible heat of fusion. It should be
microns _ noted that the time for heating up and cooling
Figure 4. - Calculated maximum temperature down to approximately 500° F is of the order

in 304 stainless steel substrate beneath

-5
tungsten particle as function of depth, of 10 second_.;j




[Ké a rough check on-the temperature distribution, a calculation was made
to see if sufficient energy was available from the tungsten particle in cooling
from 3550° to 2600° F to raise the appropriate volume of stainless steel to its
melting point (approx. 2600° F). The stainless steel actually has a melting
range of approximately 2550° to 2650° F, but an average value of 26000 F was
taken as the melting point for simplicity. The volume of stainless steel used
was that of a disk of radius a (4.7X10-3 cm) with a height of 1.3 microns. The
results of the calculation|(appendixes A and C)[Showed that sufficient energy
was available from the tungsten particle in cooling from 3550° 4o 2600° F to
raise this volume of stainless steel to its melting point and cause it to melt.
There was actually a l4-percent excess of energy available. That is, the energy -
given up by the tungsten particle in cooling from 3550° to 2600° F was 2.2X10-5
caloriel(appendix A),['and the energy needed to raise the disk of stainless steel
to its melting point and cause it to melt was 1.9x10-5 calorie(appendix C).
(This rough check shows good agreement with the analysis in that the energy given
up by the tungsten particle in cooling from 3550° to 2600° F is approximately
that needed to melt a disk of stainless steel under the particle having a height
of 1.3 microns as calculated from the analysis. The energy required to heat and
melt this 1.3-micron disk of stainless steel (1.9x10-5 cal) was only about
25 percent of the total energy the tungsten particle had on impact
(7.57><lO'5 cal). Therefore, there was still a considerable amount of energy
available for promoting thermal diffusion and consequently heating the substrate
to greater depths. An approximate calculation also showed that the amount of
heat lost by the particle through radiation was negligible during the short
time that the particle was at temperature (wlO"5 sec):J

e i’;‘

Discussion of Experimental and Analytical Results

The results from the heat-transfer analysis showed that the stainless
steel directly beneath the tungsten particle can be raised to its melting
range to a distance of 1.3 microns below the particle. Microprobe analysis
showed that a definite interaction zone existed under the tungsten particle,
and the zone was approximately 4 microns in depth. Microstructure analysis in-
dicated that an interfaclal zone approximately 1 micron thick existed under the
particle. This zone etched in the same way as the tungsten particle which
suggested that it contained a high percentage of tungsten and therefore must
have been at temperatures near its melting range to allow such high rates of
diffusion. High-magnification metallographic examination of the interfacial
zone gave no obvious structural evidence to confirm the analytical result that
melting can occur in a 1.3-micron layer of the substrate. Therefore a compari-
son of the experimental and analytical results indicates that one of the
following cases is true:

(l) The calculated temperature 1s high, and the surface of the substrate
reached a temperature near its melting range, as evidenced by the l-micron
interfacial zone, but it did not melt.

(2) The surface of the substrate reaéhed 1ts melting range as calculated,
but the material that was molten was expelled or was not resolvable.




Most of the experimental evidence supports case 1, but some support for
case 2 is the curved interface between the particle and the substrate, which
gives the impression that some of the stainless steel was displaced. There is
not sufficient experimental evidence, however, to decide for certain which of
the two cases 1s correct. In either case the only question is that of whether
or not actual melting occurs. Both the experimental and the analytical results
are in agreement on the fact that the substrate beneath the particle can be
ralsed to temperatures near 1lts melting range.

[CONCIUSIONS |
E?bm an analysis of the bonding mechanism between plasma-sprayed tungsten
and a 304 stainless steel substrate the following conclusions were drawn:

1. Alloy bonds can be formed between tungsten particles and the stainless
steel substrate during the plasme sprayling process.

2. The bonds are achieved by rapld localized diffusion in the stainless
steel directly beneath the tungsten particle.
=5 W
3. Rapid localized diffusion occurs as a result of heating of the sub-
strate directly beneath the tungsten particle to temperatures near the melting
range of the substrate; diffusion occurs during times of the order of 10™°
second.

4. The localized temperature rise results when the tungsten particle gives
up its energy, obtalned as a result of traveling in the plasma stream, to a
small region in the stainless steel directly beneath the particle;A

Lewlis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, June 25, 1964




APPENDIX A

,,CAICULATION OF'HEA@’CONTENT AND TEMPERATURE
The heat content of éhvimpinging tungsten particle is célculated from the
equation ‘ - : , : S : -

o,
Q=n Jg’ cp AT

where

n mo;es of tungsten

Tl‘ room temperéture, 2980 K-.'

Tp  temperature of impinging particle, 2223° K (3550° F)

cp specific heat ofitungsten, 5.74 + O.76v><lO"5 T (ref. 5), cal/(mole)(QK)
For a 47emier0n éphere; the §Olume is - |

3
V = Z = 55%109 cnd

where  d is:the’diémeterbof the sphere. _Thé méss,‘from the equation
S , , ) % v | o
with the density p equal to 19.3>grams per cubilc qentimeter? is
| m = 1060x102 'g |
The number of moles, from the equation

m
" atomic weight

with the atomic weight equal to 183.9, is
n = 5.8x10-9 mole

The heat content of an impinging particle is then

10




O
i

2223
5.8x1072 4!. (5.74 + 0.76x1073 T) 4T

I

7.5X107° cal

The heat glven up by a tungsten particle In cooling from 35500 F |
(2223° K) to 2600° F (1698° K) is

F-»)
1

: 2223 ST
= 5.8XlO'9.}/. (5.74 + 0.76x107° T) T
1698 -

2.2X10"9 cal

|



APPENDIX B
HEAT TRANSFER ANALYSIS

_ The equation for calculating the heat-transfer in the stainless steel be-
neath the impinging particle is

Al = 1 - expl- —=)iexp |- ==
2rca2p Cp 7Kt 4’.Kt K%

where

AT increase in temperature above robm tempefature; oK

Q' total heat units supplied from tungsten particle, cal
a radius of disk-shaped particle, cm

p density, g/cm3

specific heat, cal/(g)(°K)

K thermal diffusivity, k/cyp, cn/sec

k thermal conductivity, cal/(sec)(cm)(°K)

t time, sec

4 distance in substrate perpendicular to surface and directly below center
of particle, cm

In order to calculate the temperature from equation (2), the total heat
supplied from the tungsten particle Q is defined as

Q' =q+w
where Q 1s the heat content of an impinging particle, equal to 7. 5%107° cal-

orie, and W 1s the kinetic energy of the tungsten particle on 1mpact, equal
to 0.07x107° calorie. Thus,

Q' = 7.5x10°5 + 0.07x10-5 = 7.57x10"5 cal

With the following values substituted in equation (2)

4.7X10'3 cm

o
i

7.9 g/cm3

= 0.180 cal/(g)(°K)

©
]

iz




K = 4.75x1072 cmz/sec (average value from table on p. 6)

the équation becomes

- 7.57x107° .
2n(4.7x1073)2(7.9)(0.180) V/n(4.75x107%)%

(4,7x10=9)2 25
1l - expl- > exp| - >
L 4(4.75x107%)% 4(4.75X107% )¢,
which reduces to the relation

-4 2
_ 0.99 _ _ 1.16X10 -5.27 =
T = :7%r {l exp< -___?7——_>]eXP<—_—7T—_> + 298

where T, z, and t are expressed in °K, centimeters, and seconds, respec-
tively. .

For example, wilth t equal to 1x10-7 second and =z equal to 1.5x10%
centimeter,

-4 -4y2
o~ _0.99 l:l . exp<_ 1.16X10 )]exp[_ (5.27)(1.5x10°%)" | | 20g
1x10~7 1107 1x10~7

|

3125(1 - 0)(0.308) + 298

= 1253° K (or 1795° F)

“
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_ APPENDIX C.

HEAT NEEDED TO RAISE DISK OF 304 STAINLESS STEEL
TO ITS MELTING POINT AND TO CAUSE MELTING

The melting point of 304 stainless steel is taken as 2600° F (1.698O X).
If the radius of . the disk is 4. 7><11.O'5 centimeter, the height of the disk is
1. SXlO'_ centimeter, and the density is 7.9 grams per cubic centimeter, the
mass (density X volume) is

= 714x10710 ¢
For an average specific heat cg Oof 0,145 calorie per gram °K and a tempera-
8

ture change AT of 1400° K (16 298° X), the heat needed to raise a stain-
less steel disk to 1ts meltlng p01nt

Qt = mep AT
is ‘ :

Q = 1. 45x1o-5 al
The heat needed to melt the disk is

(kcal)(moles)'

Qq = Alpen mole

where AHps 1s the heat of melting for iron. This value was used for the
calculation since the heat of melting for 304 stainless steel was not avail-
able. It was also assumed that the only transformation that occurred on heat-
ing was that of melting. For 304 stainless steel this is a valid assumption.

Since
Nlpe = 3700 cal/mole (ref. 8)
and, with atomic weight equal to 56 g,

_ m _ -10
n = atomic welght ~ 12.7Xx10 mole

Qy = 0.47X107° cal

Then the total heat needed to raise the disk temperature to the melting point
and to cause melting is

Qp = Qq + Qy = 1.9x107° cal

14
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“The aeronautical and space activities of the United States shall be
conducted so as to contribute . . . to the expansion of buman knowl-
edge of phenomena in the atmosphere and space. The Administration
shkall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof.”

—NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and technical information considered
important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless
of importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distri-
bution because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Technical information generated in con-
nection with a NASA contract or grant and released under NASA auspices.

TECHNICAL TRANSLATIONS: Information I;ublished in a foreign
language considered to merit NASA distribution in English.

TECHNICAL REPRINTS: Information derived from NASA activities
and initially published in the form of journal articles.

SPECIAL PUBLICATIONS: Information derived from or of value to
NASA activities but not necessarily reporting the results -of individual
NASA-programmed scientific efforts. Publications include conference
proceedings, monographs, data compilations, handbooks, sourcebooks,
and special bibliographies.
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Details on the avail&bility of these pu.blicafions may be obtained from:
SCIENTIFIC AND TECHNICAL INFORMATION DIVISION

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

; Washington, D.C. 20546
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