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SECTION I

INTRODUCTION

The use of Ti-Cote C (titanium carbonitride) as an erosion-resistant coating for
protection of titanium alloy compressor airfoils in small gas turbine engines has previously
been investigated in AMMRC contracts: DAAG46-71-C-0173, DAAG46-73-C-0249,
DAAG46-76-C-0079 and DAAG46-76-C-0080. During these programs it was demonstrated that
Ti-Cote C provided a significant increase in erosion resistance compared to uncoated
Ti-6AI-4V components. However, several major problems surfaced with the Ti-Cote C coated
airfoils. First, fatigue strength reductions as great as 60", resulted from the application of the
Ti-Cote C system. Secondly, the adhesion of the Ti-Cote C was erratic and the coating was
prone to spalling along the airfoil edges. Finally, in the current state of development, the
process to apply Ti-Cote C was not suited to coating gas turbine engine hardware on a
production basis.

Materials Technology Corporation (MTC), the sole source for application of Ti-Cote C,
believed that all of the problems could be eliminated by a change in reactor design from a
cold-wall reactor to a hot-wall reactor. The primary purpose of this contract, therefore, was to
build and qualify a new, large hot-wall reactor suitable for coating small compressor airfoils on
a production basis.

The design and construction of the scaled-up, hot-wall, production-type reactor was
performed by MTC under subcontract to Pratt & Whitney Aircraft Government Products
Division (P&WA/GPD). MTC was also responsible for the establishment of the necessary
operating parameters and for the application of titanium carbonitride to titanium alloy test
specimens and compressor airfoils. P&WA/GPD was responsible for conducting the detailed
laboratory investigations necessary to determine the physical characteristics of titanium
carbonitride coatings deposited in the new reactor. The laboratory investigations at
P&WA/GPD consisted of microprobe and metallographic studies, erosion testing, the estab-
lishment of an S/N curve with coated airfoil samples, and a determination of the thermal
shock resistance of coated airfoils. Preliminary nondestructive inspection (NDI) requirements
for coated airfoils were also investigated.

In addition, 12 Krouse fatigue specimens were coated with the Ti-Cote C system and
delivered to AMMRC. These specimens incorporated a copper strike layer of increased
thickness (greater than 0.00025 in.) under the PWA 36 electroless nickel.

The electroless nickel with copper strike serves as an undercoat for the titanium

carbonitride. These samples were prepared because microprobe analysis performed under
Contract DAAG46-76-C-0079 suggested that an increased thickness of the copper strike may
be beneficial in preventing large losses in fatigue strength of Ti-Cote C coated titanium alloy
parts.

DESIGN, CONSTRUCTION AND OPERATION PARAMETER DEVELOPMENT FOR THE
SCALED-UP, HOT-WALL REACTOR

The reactor design and construction, and the optimization of operating parameters for
deposition of Ti-Cote C titanium carbonitride were all performed by MTC under subcontract
to the P&WA/GPD. The MTC has prepared a complete report detailing their activities which
is presented in Section III with several notes added by P&WA/GPD based on laboratory
evaluation of the Ti-Cote C coated airfoils and sample coupons.



SECTION II

TECHNICAL DISCUSSION

INTRODUCTION

Laboratory verification of the physical characteristics of the Ti-Cote C (titanium
carbonitride) consisted of the following efforts:

1. Metallographic Evaluation
2. Verification of Erosion Resistance of Production Samples
3. Establishment of an S/N Curve
4. Determination of the Thermal Shock Resistance of Coated Airfoils.

METALLOGRAPHIC EVALUATION

Early in the program it became apparent that Materials Technology Corporation (MTC)
was having considerable difficulty obtaining adequate adhesion between the Ti-Cote C and the
new PWA 36 electroless plated nickel underlayer.

This problem was clearly evident during the application of Ti-Cote C to the electroless
nickel-plated Krouse rotating beam specimens. Figure 1 illustrates the difficulty encountered
in obtaining adequate adhesion of the Ti-Cote C. Spalling of the Ti-Cote C has occurred on
three of the twelve Krouse beam samples. Several attempts were made by MTC to improve the
adhesion, and Figure I represents the best results that were obtained.

MTC did report success, however, in applying Ti-Cote C directly onto titanium-alloy
coupons, which were then sent to GPD for metallographic analysis. Examination of the bond
line between the titanium carbonitride coating and titanium alloy substrate under the
scanning electron microscope disclosed a uniform bond line free of voids and other defects.
Furthermore, there was no indication of any corrosive damage to the titanium 6A1-4V. This
had been a matter of concern due to the corrosive nature of the reactive gases and reaction
products in the Ti-Cote C coating process. The electroless-plated nickel undercoat was
previously thought to be necessary as a barrier layer to prevent corrosion to the titanium
6AI-4V substrate and to promote adhesion of the Ti-Cote C. No damage was visible, however,
to the titanium 6AI-4V substrate. One major concern still remained, and that was the
possib'" of hydrogen embrittlement to the titanium substrate resulting in fatigue strength
redut even greater than those seen in the previous AMMRC contracts. The establishment
of an S/N curve ultimately answered the question. Fatigue strength reductions were com-
parable to those obtained with a sulfamate nickel underlayer and were slightly greater than
those obtained with the electroless-plated nickel phosphorous underlayer. Hydrogen embrittle-
ment, therefore, although a possible cause of the loss of fatigue strength, created no more of a
problem under the testing conditions than was experienced with nickel-plated titanium alloys.

One immediately obvious microstructural characteristic of the Ti-Cote C deposited in the
hot-wall reactor was the decrease in coating integrity. Figure 2, is an optical microscope
photomicrograph of the Ti-Cote C deposited on one of the small compressor airfoils. Figure 3
is a scanuning electron microscope (SEM) picture taken of the same coated airfoil section. The
porosity in the Ti-Cote C is plainly visible in the SEM photomicrograph. Under the optical
microscope at lower magnification (Figure 2) this porosity gives the Ti-Cote C a very grainy
appearance. By contrast, Figure 4 is a photomicrograph of Ti-Cote C deposited during one of
the prior AMMRC contracts using the cold-wall reactor design. Notice the solid and void-free
microsctructure of the cold-wall reactor titanium carbonitride compared to material applied
during this current contract.
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Ti-Cote C

Titanium
6AI-4V
Substrate

Mag: 500X
FD 171507

Figure 2. Ti-Cote C on JT12 Compressor 7th-Stage Airfoil -Optical

Photomicrograph

Porosity in
Ti-Cote C

Titanium
6AI-4V
Substrate - --

Mag: 1000OX
FD 171506

Figure 3. Ti-Cote C on JT12 Compressor 7th-Stage Airfoil - Scanning
Electron Microscope (SEMl) Photograph
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Ti-Cote C

Electroless-Platedi
Nickel With
Copper Strike

Titanium
6AI-4V
Substrate

Mag: 500X o

Figure 4. Ti-Cote C Deposited in a Cold- Wall Reactor

In an effort to determine if a change in chemical composition was producing the porosity
and grainy texture in the titanium carbonitride microstructure, the Ti-Cote C was scanned with
the microprobe on the SEM. Because the microprobe is unable to accurately detect levels of light
elements such as carbon or nitrogen, the probe was primarily useful in measuring the total
quantity and distribution of titanium and chlorine. Chlorine is an impurity and probably results
from incomplete reaction of the titanium tetrachloride.

The results of the scan show that the chlorine level was evenly distributed throughout the
Ti-Cote C at a concentration of about one weight percent. This was consistent with previous scans
of cold-wall reactor deposited Ti-Cote C. No detectable amount of chlorine had diffused into the
titanium 6AI-4V substrate.

The concentration of titanium in the Ti-Cote C was measured at 70 weight percent. Once
again, this is comparable to the results obtained on cold-wall reactor coatings. Distribution of the
titanium was uniform. In summary, no compositional variations were found with the SEM that
would account for the porosity and grainy texture of the titanium carbonitride. These coating
defects, therefore, are most probably a result of premature reaction of the titanium tetrachloride
and trimethylamine. As discussed in the MTC report, prereaction is a potential drawback of the
hot-wall reactor system.

The grainy appearance of the hot-wall reactor titanium carbonitride is reflected in the
surface finish of the coating. Figure 5 is a 20X magnified photograph of the convex and concave
Ti-Cote C coated surfaces of one of the JT12 compressor 7th-stage titanium alloy airfoils. This
part is typical of all the airfoils and test coupons. In almost all cases, one surface was smoother
than the other. On airfoils, however, it was not always the convex surface that displayed the most
roughness. There was an equal probability that the concave surface would have the roughest
finish.
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A study was also made of the completeness of coating coverage and uniformity of coating
deposition on an airfoil. Figure 6 shows two of the JT12 compressor 7th-stage blades after Ti-Cote
C application. These parts were in the last batch coated, and therefore should be considered
representative of the typical production quality attainable in the present state of development of
the hot-wall reactor.

As illustrated in Figure 6, coating coverage was very good. Only a small area at the base of
the airfoil on the platform showed any indication of poor coating adhesion. On the airfoil surface
itself, coating adhesion appeared to be excellent.

Two cross sections were made through the coated airfoil to determine the unifornmity of
coating coverage around the part. One cut was made just below the blade tip and the second
section was taken immediately above the platform. Figure 7 maps the coating thickness at
various locations around the airfoil. All coating thicknesses were measured optically at 1000X
magnification. Thickness control appears to be quite acceptable. The rough surface finish of the
Ti-Cote C is partially responsible for the deviations that do exist in coating thickness.

VERIFICATION OF EROSION RESISTANCE OF PRODUCTION SAMPLES

Erosion resistance testing at best is only useful in determining relative rates of erosion
between different materials. The primary purpose of this test, therefore, was to ascertain if any
change in erosion resistance could be noticed between Ti-Cote C applied in the scaled-up
hot-wall reactor and Ti-Cote C deposited under either Contracts DAAG46-76-C-0079 or
l)AA(;46-7";-C-0249 using a cold-wall reactor.

All erosion testing was initially performed at 75°F utilizing an SS White Airbrasive unit.
The abrasive media was SS White Powder Number I which is a nominal 2 7, aluminum oxide.
Impingement velocity was calculated at approximately 500 feet per second. In all cases, test
coupons coated with Ti-Cote C under Contracts DAAG46-73-C-0249 and DAAG46-76-C-0079
were run as a reference along with uncoated titanium 6AI-4V (AMS 4911).

The erosion resistance of the Ti-Cote C deposited in the scaled-up hot-wall reactor was
initially very poor. Table I lists the results of the first erosion testing performed under this
contract. At this stage, Ti-Cote C applied in the hot-wall reactor provided little protection as
compared to titanium carbonitride applied in the cold-wall reactor. In addition, the pattern of
material removal was significantly different between the current and previous Ti-Cote C
coatings. The hot-wall reactor-deposited material would fail by the sudden loss of small
granular particles. Ti-Cote C applied in the cold-wall reactor eroded in a uniform manner with
no indication of granular particle breakouts.

The erosion pattern of the hot-wall reactor coating was not unexpected. The surface of
the Ti-Cote C from the hot-wall reactor is rough and grainy, and the microstructure is grainy
and porous as discussed in the section on metallographic examination. No correlation was
evident between microhardness and erosion resistance; however, all samples tested for erosion
resistance were of similar hardness, 2200-2400 Knoop.

Elevated temperature erosion testing at 600°F was not performed at this time because of
the extremely poor room temperature test results.

MTC was immediately notified of the lack of erosion resistance and they began work at
once to correct the problem. During the time period when MTC was working to improve the
erosion resistance, all erosion testing was performed at MTC and the results are reported in
Section III of this report on Reactor Development. Whenever MTC believed a significant
improvement had been attained, samples were sent to GPD for verification of results.
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TAHIE . INITIAL EROSION TESTING OF TI-COTE C

- Time to Penetrate 0.001 in. of T-Cote C

90-deg Impingement 20-deg Impingement

'li-('oe (" 25 to 40 sec 112 to 150 sec
(Hot-Wall Reactor)

_Ti-C,LteC( 
890 to 906 ec 3860 sec

((Cold-Wall Reactor. 
02ntrat

l)AA(46-73I-C-0249)

Tables 2 and 3 present the 75 and 6000 F relative erosion rates of the last test coupons

submitted to GPD for evaluation. As previously mentioned, the 75 0F testing was performed

using an SS White Abrasive unit and 27u aluminum oxide. The 600 F testing was ac-

complished utilizing a specially designed elevated temperature erosion rig previously developed

by GPD. The GPD erosion rig impacts the test coupon with 27 p aluminum oxide traveling at a

velcity of 1000 feet per second in a hot (6000 F+) gas stream. The surface temperature of the

part being tested is continually monitored by a thermocouple thereby guaranteeing reproduc-

ible and accurate data. The heated gas stream carrying the abrasive assures that the surface

temperature of the test coupon is maintained at the test temperature. This represents a

considerable improvement over most other elevated temperature erosion rigs that heat the

back side of test samples in a furnace while cmling the surface being eroded with a cold blast

of abrasive and propellant gas.
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TABLE 2. ROOM TEMPERATURE EROSION RATES AT A 90-
DEG IMPINGEMENT ANGLE MEASURED WITH
FLAT TEST COUPONS

Time to Penet rate
Erusiun Rate 0i.001 in. of coating

AMtS 4911 31 X10 'g/sec -

(IUncccated (7.0 x 10 cc/see)

'Ic-io 'Cd'' - 8487 cec

'coitract I)AA( 46-71(-Ct)249)

T'i . C
i Syall H' ci- Wac Reactor. I I x 10 g/sec :160 ec
'cmifract DAA( 4i1.76(-C-W519 (2.2 x 10 cc/ec

("a C ~ ~ 9.1 x10 g/sec 370 sc

(11,t Wall Heactcr. (1.8 X 10 cc/see)
ill) 1) Is)

TABLE 3. 600OF EROSION RATES AT VARIOUS IMPINGEMENT ANGLES MEA-
SURED WITH FLAT TEST COUPONS

Erocsicon Rate

.W)dt'g Impcngeme'nt 6(t'dcg Impingeme'nt :ftde4 Impirnn't

ANIS 1911 25 x 10 g/sec :39 X 10 g/sec 7.6 X 10 g/sec
1111.nteite( (5.7 X 10 cc/ee) (8.8 X 10 ~'cc/sec) (1.7 x 10 cc/see)

I.I (Cctc C 9.6 X 10 g/sec 4.1 X 10 g/sec 3.6 x 10 6g/sec

(cod)wall Plteator (1.86 x 10 cc/ee) 40.8 K 10 cc/see) (0.7 - 10 cc/sec)
(Ccitt rct I)AA( Ih7.1 C 1249i

'Ii-'cct' C' 8.2 )k 10 g/sec 2.3 x 1 0 g/sec 4.6 x 10 c. /sec

iHcct-Wicll R~eactcor (1.6 x 10 cc/see) (0.45 x 10 cc/see) (0.88 ), 10 6 cc/see)

The test data detailed in Tables 2 and 3 indicated that MTC had been able to
successfully increase the erosion resistance of the Ti-Cote C to the same level as that achieved
under prior AMMRC contracts. To assure the accuracy of the erosion rates in Tables 2 and 3,
the samples from run D)-48 were tested concurrently with uncoated AMS 4911 titanium and
Ti-Cote C specimens prepared under Contracts DAAG46-73-C-0249 and DAAG46-76-C-0079.
The surface finish was still rough on the D-48 samples but large grains of Ti-Cote C were not
being removed during testing. Consequently, MTC was advised to coat the small airfoils with
duplicate parameters and submit the Ti-Cote C-coated airfoils to GPD for evaluation.

The results of 75 and 6000 F erosion testing performed on coated airfoils are given in
Tables 4 and 5, respectively. As is readily apparent from the calculated erosion rates, the
erosion resistance of the airfoil coatings is not consistent with the test coupons. In fact, the
Ti-Cote C on the airfoils offers little if any erosion resistance at 600*F except at a 30-deg
impingement angle.

10



Figure 8 summarizes the data presented in Tables 2 through 5 in a graphical format. All
erosion rates in Figure 8 are expressed in terms of rate of volume loss of Ti-Cote C relative to
that of titanium 6AI-4V under identical conditions. Bars above the 1.0 line indicate better
erosion resistance than Ti-6AI-4V, while bars below the 1.0 line represent less erosion
resistance than Ti-6AI-4V. The lowest erosion resistance was measured on the Ti-Cote
C-coated JT12 blades at 600*F. At a 90-deg impingement angle, the Ti-Cote C had only 34",
of the erosion resistance of uncoated Ti-6AI-4V. This contrasts sharply with the results
obtained on flat test coupons. Under identical conditions, Ti-Cote C deposited on the flat
coupons was 2.5 times as resistant to erosion as Ti-6AI-4V.

Materials Technology Corporation was unable to find any deviation between the parame-
ters used to coat the test coupons and the airfoils. The only conclusion that can be drawn,
therefore, is that despite an intensive effort by MTC, the Ti-Cote C application process in a
production-type reactor is very inconsistent. The reasons for the inconsistent erosion results
are presently not understood by MTC, and the process at this time cannot be relied upon for
production coating of titanium compressor airfoils.

TABIE 4. ROOM TEMPERATURE (75 0 F) EROSION
RATES

Erosion Rate-
9(-deg Impingement 31O-deg Impingement

N\MS 1911 38 X 10 g/sec 120 x 10 ' g/sec
I' 'cated) (8.6 x 10 cc/sec) (27 X 10 ' cc/sec)

Ti (',it (i on .IT12 6,3 x 10 g/sec' 76 x 0 ': g/sec'
Tih Stage Airfoil (12 × 10 cc/sec) (15 X 10 " cc/sec)
I ft -Wall Reac-
thr Rim ID-49)

Ti-Cte C began to fail at 19 sec. Test discontinued at 30 sec
-'Ti-Cote C began to fail at 25 sec. Test discontinued at R) set

TABLE 5. 600°F EROSION RATES AT VARIOUS IM-
PINGEMENT ANGLES

Eros in Rate
Wt1-deg Impingement :.o-deg Impingement

.. M:s 1911 1:1.6 K 10 ' g/sec 40.7 X 10 ' g/sec
I'1nt'sated) (3.1 x 10 cc/sec) (9.2 x 10 ce/sec)

"l'j- t , " n .l'o I2 47 x 10 g/sec 11.6 x I0 g/sec
7thStage Airfoil (9.1 x 30 cclsecl (2.3 X 10 ' cc/sec)
I it W\%'all Reac.
thr Iun I-.19)
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Number of Times as Erosion Resistant as Ti 6AI-4V

Less Erosion Resistant More Erosion Resistant Than Ti 6i1-4V
Than Ti 6A1-4V1

Small Hot Wall RT 90 deg
DAAG-46-76-C-0079

Hot Wall D-46 RI 90 deg

Cold Wall 600-F 90 deg
OAAG-46- 73-C-0249

Cold Wall 600 F 60 deg _______________

DAAG-46-73-C-0249

Cold Wall 600 F 30 deg
OAAG-46-73-C.0249

Hot Wall D-48 600 F 90 deg

Hot Wall 0-48 600 F 60 deg

Hot Wall 0-48 600 F 30 deg

Airfoils Hot Wall
D-49 RT 90 deg

Airfoils Hot Wall
0-49 RT 30 deg

Airfoil Hot Wall

D-4-
90 deg

Airfoil Hotwall

D-49 600 F 30 deg

'O 71513

s~gdr 'Ii -Od C I EtI ( ri ro~l iitu fuir Ti-6WA 4

12



ESTABLISHMENT OF AN S/N CURVE

IP&WA/(iPI) conducted 60 0 F fatigue testing using .1I'2 7th-stage compressor blades
l/N 536207A/ANIS 4928) as the test vehicle. Coated and uncoated blades were tested to

establish laseline results and hot-wall reactor coated results for comparison with previous
H(F cold-wall reactor coated results (Contract DAAG 46-73-C-0249) established using Krouse
rotating beam specimens.

Test Procedure

Blade-coating configurations tested were:

1. Utncoated blades (baseline).

2. Blades coated with Ti-Cote C in a hot-wall reactor by chemical vapor
deposition.

:3. ''i-Cote C blades stripped and recoated with Ti-Cote C at increased
reactor temperatures.

All testing was conducted with blade roots restrained in a J.rl2 7th-stage broached
fixture and jackbolt-loaded from the rear. Maximum stress (calibration) locations were
determined from stresscoat patterns obtained in the first bending mode of vibration at room
temperature (Figure 9). Calibration strain gages were located as shown in Figure 10, and stress
vs blade tip double amplitude relationships established, Figure 11, from which fatigue stress
levels could be determined.

Each blade was fatigue tested to failure (or 10' cycles) at 600'F in the first bending mode
of vibration. Test results are listed in Table 6 and S-N curves are shown in Figures 12 and 13.
A typical concave leading edge fatigue failure is illustrated in Figure 14.

Elevated temperatures were accomplished using electric resistance heating to produce a
tniform 6Nt0 0 F test environment allowing elevated temperature test amplitudes to be de-
termined from the AMS 4928 modulus change at 600*F.

'The stripped and recoated blades received were badly damaged on the trailing edge near
the platform as a result of' the acid etch process used to strip away the original coating. The
trailing edge damage was blended out prior to testing to prevent premature failures in the
daInaged area. Stresscoat patterns, calibration strain gage locations (Figure 15), and calibra-
tion curves (Figure 16) were established for the modified blades.
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*Stress Based on E = 16.5 x 106 psi and Measured

at Locations Shown in Figure 10.
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E
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0
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0
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0 0.060 0.120 0.180 0.240 0.300

Leading Edge Tip Double Amplitude - in.
FD 171523

Figure I1. J'12 7th-Slage ('mpressor Blade, I/N 536207A Vihrated in First
Bending Alode of Vibration

TABLE 6. FATIGUE TEST DATA FOR JT12 AMS 4928 7TH-STAGE COM-
PRESSOR BLADES, P/N 536207A, VIBRATED IN THE FIRST
BENDING MODE OF VIBRATION AT 600°F

Test Dynamic
Serial Heat Type of Frequency Stress Cycles to

Number Code Coating (Hz) (ksi) Failure Remarks

I AS6 Uncoated 815 80 0.12 X l0 Failed on LE.
3 AS6 Uncoated 819 70 2.83 X 10' Failed on IE.
4 AS6 Uncoated 842 70 10.0 X 10 Did not fail.
5 AS6 Uncoated 783 75 0.175 x 10' Failed on IE.
6 AS6 Uncoated 830 75 2.19 x 10 Failed on I.E.
8 AS6 Uncoated 807 65 10.0 X 100 Did not fail.

2 AS6 Ti-Cote C 961 50 0.002 x 10 Failed on IE.
3 AS6 Ti-Cote C 944 30 0.067 x I08 Failed on IE.
5 AS6 Ti-Cote C 927 25 10.0 x 10' Did not fail.
6 AS6 Ti-Cote C 900 30 0.216 10' Failed on LE.

3 AS6 Ti-Cote C* 819 30 0.029 1 10)' Failed on IE. MRT. TE.
4 AS6 Ti-Cote C'* 864 25 10.0 10' No failure.
5 AS6 Ti-Cote (' 839 30 0.022 r 100 Failed on IE, MRT. TE.
6 AS6 Ti.Cote C'* 325 25 10.0 x 10' No failure.

*Applied at a higher reactor temperature.
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*Stress Based on E 16.5 x 106 psi OL
and Measured at Locations Shown
in Figure 9.
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JT-12 AMS 4928 7th Stage Compressor Blades, P/N 536207A.
Vibrated in First Bending Mode of Vibration with T.E. Nicks
Blended Out.

110, 
CL

100

/MRT

80

C

401

0.

20

0
0 0.060 0.120 0.180 0.240 0.300

Leading Edge Tip Double Amplitude - in.

*Stress Based on E - 16.5 x 106 psi and Measured at
Locations Shown in Figure 9.

FD 191250

lIFiur 16. I)Ynamic Stre'ss' vs Tip Double Amplitude
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Conclusions and Results o Fatigue Testing

1. Significant reductions in the 107-cycle fatigue strength occur in AMS 4928
airfoils coated with Ti-Cote C using either a cold- or hot-wall reactor for
coating application.

2. 107-cycle fatigue strength reductions of 64 and 62% were established for
the two sets of blade specimens tested as compared to uncoated blade
fatigue strength. This compares to a 50% reduction established for 600°F
test of rotating beam specimens coated in a cold-wall reactor (Contract
DAAG 46-73-C-0249).

3. Mean and minimum fatigue strengths established for all test specimen
configurations are:

600°F - 10' Cycle
Fatigue Strength (ksi)

Coating Configuration Mean Minimum

Uncoated 67 59

Coated with Ti-Cote C 24 18
Coated with Ti-Cote C applied 25 24.7

at increased reactor tempera-
ture

4. The loss of fatigue strength measured on Ti-Cote C coated titanium
airfoils is a serious problem. A case-by-case design review of any airfoils
considered to be potential candidates for coating will be necessary to
determine if such a debit in fatigue strength can be tolerated.

DETERMINATION OF THERMAL SHOCK RESISTANCE OF COATED AIRFOILS

Four "Ti-Cote C"-coated, 7th-stage compressor blades (P/N 536207) were submitted to
the P&WA/GPD Cyclic Structures group for thermal shock testing in a fluidized bed.
Zirconium silicate marketed by DuPont under the name "Florida Zircon Sand" was used as the
medium for the fluidized bed. The fluidized bed provides for rapid thermal transients typical
in aircraft engine operation. The four specimens were mounted vertically on a single fixture
(Figure 17) and simultaneously cycled in an attempt to provide equivalent test conditions.
Calibration runs were made with an uncoated blade, thermocoupled near the airfoil midchord
end and operating at the same location as specimen B occupied within the fixture.

The blade airfoils experienced a 100 to 900°F thermal cycle controlled by a cyclic timer
which controlled specimen transfer from cold to hot baths. Hot bath temperature was
maintained at 970'F ±5°F, and cold bath temperature at 100°F ±5*F for all test cycles.

Figure 18 indicates a typical cycle run of 51 sec with the 900*F temperature reached in 6
sec, and room temperature reached in 29 sec upon entry into hot and cold baths, respectively.
Transfers between baths were accomplished in 8 sec. Figure 18 represents six typical thermal
cycles superimposed over a single calibration cycle for the airfoil midchord end.
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Fiurv 17. I"luidizd Bed Fixturing for Ti-Cote (' Coated F10 7th-Stage

(ompressor Blades (P/N .536207)

Based on a cursorY visual inspection, it can be concluded that the Ti-Cote C coating f)r
airfoil applicatlon is acceptable for 1000 cycles within the tested thermal shock environment.

The results of the thermal shock testing are as follows:

1. Each blade experienced spalling of the coating along the root: however,
several chips in the root coating were noted before testing and/or weld
attachments may have caused this situation.

2. Each specimen exhibited surface oxidation of the airfoil section as
evidenced hy the coating discoloration (Figure 19).
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Figure 19. Cnicaue Side of Ti-Cote C Coated F1K 7th-Stage Compressor
Blades (P/N 536207) After 1000 Fluidized Bed Cycles

PRELIMINARY NONDESTRUCTIVE INSPECTION REQUIREMENTS

An effective Nondestructive Inspection (NDI) technique should address those items that
can significantly affect the performance of the Ti-Cote C. Past and present experience with
Ti-Cote C-coated parts dictates that the items requiring inspection to prevent premature
coating failure are:

* Completeness of Coating Coverage
* Distribution of Coating Thickness
* Coating Adhesion
* Coating Erosion Resistance.

Several of these areas require only very simple inspection techniques. Completeness of
coating coverage, for instance, can readily be ascertained by visual inspection usually without
the aid of magnification. Verification of a uniform distribution of coating at the required
coating thickness is largely dependent upon the geometry of the coated parts. Simple shapes
can be measured directly with micrometer-type instruments. More complex configurations
represent a greater challenge. Sonic or eddy-current instruments may be effective, but testing
will be necessary for each particular part number to determine if the required accuracy can be
achieved.

Nondestructive inspection to verify Ti-Cote C adhesion and erosion resistance is another
source of concern. Adhesion and erosion testing are by their very nature destructive tests. An
indication of Ti-Cote C adhesion can probably be obtained, however, by subjecting coated
airfoils to a thermal shock. These tests are similar to that described in the previous section of
this report. Test conditions can be established so coatings with inadequate adhesion will show
indications of chipping or spalling. Well-adhered coatings will not be damaged during testing
thus providing a workable go or no-go scheme for evaluating the Ti-Cote C bonding.

Because of the difficulties encountered during this contract in obtaining consistent
erosion resistance, NDI testing in this area will be extremely valuable. The surface finish of the
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Ti-Cote C does appear to be indicative of the erosion resistance to some extent. Generally, the
rougher or more grainy the surface texture of the Ti-Cote C, the lower the resistance to
erosion.

Ti-Cote C deposited early in the program had a surface finish of 170 to 220 microinches
AA and very poor erosion resistance. As the surface finish of the Ti-Cote C improved, usually
the erosion resistance also improved.

Table 7 lists the surface finish of Ti-Cote C as a function of contract and reactor run.
Ti-Cote C deposited in both the cold-wall reactor (DAAG-46-73-C-0249) and small hot-wall
reactor (DAAG-46-76-C-0079) had consistently good erosion resistance and a much smoother
surface than Ti-Cote C deposited in the scaled-up hot-wall reactor.

TABLE 7. SURFACE FINISH OF
TI-COTE C

Microinches AA

Cold-Wall Reactor 22-31
(DAAG46-73-C-0249)

Small Hot-Wall Reactor 45-55
DAAG46-76-C-0079

Scaled-up Hot-Wall Reactor 81-87
Run D-48

Scaled-up Hot-Wall Reactor 80-90
Run D-49

Extensive work is necessary, however, to determine if surface finish measurements alone
can he relied upon as an effective NDl technique. Ti-Cote C from reactor runs D-48 and D-49
had essentially the same surface finish but differed markedly in erosion resistance (Figure 8).
This may suggest that surface finish measurements have only a limited usefulness as an NDI
technique.
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SECTION U

DESIGN CONSTRUCTION AND OPERATION
PARAMETER DEVELOPMENT FOR THE SCALE-UP

HOT-WALL REACTOR

INTRODUCTION

This section of the report was prepared by Materials Technology Corporation (MTC) for

United Technologies Corporation, Pratt & Whitney Aircraft Group, Government Products
Division under U. S. Army Materials and Mechanics Research Center Contract
DAAG46-77-C-0057. Mr. Robert Post was the Program Manager, and Mr. Frank Fonzi was
Project Engineer for the contract at Materials Technology Corporation. Mr. Fonzi was the
author of this report which covers work accomplished during the period ending April 1979.
The program consisted of three phases and yielded a prototype hot-walled reactor capable of
producing 100 small compressor blades per run.

In Phase I, experiments in the existing laboratory reactor were directed to determining
optimum materials of construction for the large reactor design, optimum gas inlet distribution,
and a feasible rotation mechanism. Process gas velocity and temperature control were also
examined in Phase 1.

In Phase !1. major efforts were the design, procurement, and construction of a production
..prototype" reactor using the results of Phase I. This reactor was designed to coat 100 or more

small compressor blades in one batch.

Phase Ill consisted of a series of optimization runs on the new reactor to find the best
flows, temperatures, and positioning of the compressor blades. Once the process was optimized,

test samples using these conditions were examined for coating integrity, bond, hardness,

erosion, and fatigue resistance.

BACKGROUND

Titanium Carhonitride coatings, or Ti-Cote C, were developed under Government con-

tracts at Texas Instruments, Inc. Initial work was aimed at coating steel alloy compression
section components of turbine engines. Later, through funding by the Army Materials and
Mechanics Research ('enter with Pratt & Whitney Aircraft, Government Products Division

iP&WA/(;I)) as the prime contractor, it was demonstrated that Ti-Cote C could be
successfully applied to titanium, utilizing an electroless nickel interlayer. However, fatigue

strength of the finished parts was less than uncoated parts. This work was accomplished under
Contracts l)AA(;4t4-71 -C-0173 and DAA(;46-73-C-0249.

Ti-('ote C has demonstrated superior erosion resistance as a compressor section erosion

coating for the Air Force. The relatively low temperature at which it is deposited permits
resto|ration of fatigue strength in many alloys with post-coating treatments.

In work on steel alloys, an electrolytic sulfamate nickel plate was used as an interlayer to
produce coating adherence. In the case of titanium substrate materials, an electroless nickel
plate developed by P&WA/GPD was used. With the electroless nickel plate it was necessary to
control initial coating temperature more closely than with the steel-sulfamate nickel system in
order to achieve good coating adhesion.

In 1974 MTC bought from Texas Instruments, Inc., equipment and rights to produce

Ti-Cote C coatings.
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Along with the equipment from Texas Instruments used to apply Ti-Cote C coatings on
steel compressor blades, an existing laboratory reactor was adapted to produce Ti-Cote C
coatings in a hot-wall system. It was also demonstrated that a system like this can successfully
be used to coat titanium alloys with Ti-Cote C, with or without a nickel interlayer.

TECHNICAL DISCUSSION

The processing equipment utilized in the Texas Instruments process has a power supply
a 450 KHz RF generator. The compressor blades to be coaWt d-by this process must be

supported in nonconducting apparatus (fused quartz) and must be rotated inside the RF coil
to achieve any reasonable temperature uniformity. Thus, the rotating parts are the only really
hot items in the reactor and temperature measurement by thermocouple is virtually impossible
- even ignoring the possibility of inducing currents in very thin wires, with 450 KHz
radiation. This leaves the radiation temperature sensing devices. The optical pyrometer is only
effective at temperatures higher than the 650 to 7000 C deposition temperatures used for
Ti-Cote C. Infrared pyrometry seems to be the best candidate. These readings, however, are
affected by the varying emissivities of different substrates and different emissivities of
uncoated and coated materials. Incompleted knowledge of the rate at which emissivity changes
as coating builds up further complicates the problem. Also, mixing of the TiCL, and amine
reactant in the chamber produces smokey solid compounds of unknown IR absorptivities,
which tend to deposit on the clear reactor walls and eventually entirely obscure the parts
before the end of the coating run.

Nevertheless, if enough skill and care are used, remarkably good results can be achieved.
However, the sensitivity of the temperature problem added to the fragile nature of fused
quartz fabrications makes this an unlikely candidate for a production process of any reason-
able magnitude, as all of the quartz must be disassembled and cleaned at the end of every run
- then reassembled before the next one.

A "hot wall" reactor system, where the parts are heated primarily by thermal radiation
from the wall of the container or some internal heater or both, alleviates many of these
problems. First, low-frequency energy (down to 60Hz) can be used, which has very little effect
upon the readings of thermocouples in the vicinity. Temperature gradients are much smaller
and quite constant in a steady-state system. Thus, if it is desirable to rotate the work parts,
the thermocouple can be applied to a static nearby part. The correct thermocouple reading can
then be "titrated" experimentally and remains valid over the range of normal operating
process variations.

Second, the solid complexes formed in the gas phase are vaporized at the wall tem-
perature and do not remain in the reactor at the end of the run.

Third, radio frequency transparency is no longer a requirement for reactor hardware and
many cheaper and more durable materials can be used.

There is obviously a price to be paid for all of the above benefits from the hot-wall
system as compared to the cold-wall system.

In a hot-wall system, virtually all reactor internals are at or near coating temperatures
and therefore coat during the run. Thus, a much larger area is being coated and deposition
rates on a given area are less, as is product yield per unit of raw material. Also, unless the
reactor internals are fabricated of a material to which the coating does not adhere, they will
eventually be coated thick enough to require replacement. (In fairness, the attrition due to
breakage of quartz in the cold-wall system is probably a worse problem economically.)
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The main problem in a hot-wall system is prereaction due to overheating during the gas
phase. CVD processes rely on the surface of the substrate providing the activation energy for
the desired chemical reaction. This increases enormously the odds that the desired reacted
molecule (a solid) will remain at and be captured by the surface of the substrate one molecule
at a time. In this manner a crystal lattice will be formed and the desired hard and dense
coating will be produced. If the reaction takes place in the gas phase, the molecules collected
tend to form into small agglomerates with poor affinity for the substrate surface, and a dusty,
poorly adhered and cohered coating results.

With the proper design of systems for gas feed, mixing injection into the reactor, and flow
patterns inside the reactor, it is possible to achieve the benefits of the hot-wall system without
any effect of gas phase reaction on the coated parts. Parts produced in this system rate at least
as well as parts from the cold-wall system in all of MTC's quality tests.*

DESCRIPTION OF THE EXISTING LABORATORY REACTOR

All of the basic internal components used in this reactor were made from graphite.
Lampblack was used as the insulating material between the graphite susceptors and the coil,
with a high temperature fiberfrax tube put between the coil and lampblack. A graphite tube
was machined with threaded ends, and a top and bottom plate were then screwed in providing
the inlet and outlet of the coating chamber. Graphite rings with slots were machined to fit
inside this coating chamber to hold the small compressor blades. Utilizing a large, medium,
and small ring on one plane, 35 small blades could be coated at one time. (The dimensions of
this graphite can were 6 in. ID by 7 in. long.)

Power Supply

A 100 KW, 3KHz inductotherm motor generator set was used to heat up the laboratory
reactor. This same power supply was used in the scaled-up system.

With a 3KHz unit, various coil configurations as to diameter and length of a reactor can
be accomplished and still keep the system "tuned" providing maximum power and efficiency.

Temperature Control

An optical pyrometer would normally be used with a hot-walled coating system, but with
the low temperatures** used in the Ti-Cote C process, it was felt that T/C's would give much
better control over temperature. A thermocouple was positioned through the center of the
reactor between the coil turns, through the susceptor and then touched the graphite can on the
outer skin. To prevent any stray voltages from the coils giving us an erroneous reading,
grounded thermocouples were used. T/C's were also put through the graphite can onto the
parts to be coated to see if there was a variation in temperature between the skin of the can
and the parts.

The results of a series of test runs showed that the variation in temperature between the
outer surface of the graphite can and the actual part inside differed no more than 10*C.

Process Control Panel - Rotation System

A semiautomatic gas control panel was fabricated and piped into the small reactor as
shown in Figure 20.

*Metallographic studies at P&WA/GPD showed that the titanium carbonitride coatings applied in a hot-wall reactor
were more porous than titanium carbonitride applied in a cold-wall reactor. In addition, the erosion resistance of the
hot-wall reactor coatings was erratic.

**Ti-Cote ( is deposited at about 700*C. This is 200 to :300C lower than the temperature at which many other CVD
coatings are applied.
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Past experience has shown that the titanium tetrachloride and trimethylamine used in
the process have to be introduced simultaneously into the reactor chamber to achieve a good
bond on the surface of the parts.

The semiautomatic control panel was designed to achieve this effect as well as indicate
and control the various flows involved.

A rotation system was put into the small reactor by inserting a sealed water-cooled spin
shaft through the bottom of the reactor and connecting this shaft to pulleys and variable speed
motor.

The purpose of the rotation system was to try and minimize surface roughness and
variations in coating thickness.

Optimization of Coating in Small Reactor

Utilizing the control panel, T/C monitoring, rotation etc., a series of runs was made in the
small reactor to optimize conditions that could be used in the scaled-up system. Titanium
6AI-4V plates were used as substrates in this system. A series of 20 coating runs were made in
this system varying temperature, flows, and rotation. The following results were obtained:

1. Temperature - Runs were made at temperatures as low as 650*C and as
high as 750'C. The optimum temperature is in the range of 710 0 C ± 100C.
At the lower temperatures the coating became porous, and at the higher
temperatures "sooting" occured on the parts.

2. Process Gases - Starting with a total flow and titanium tetrachloride to
trimethylamine ratio used in previous runs, it was found that varying these
flows produced a nonadherent and porous coating in all cases. It was then
decided that these original flow conditions were the optimum required to
give a hard, dense coating of titanium carbonitride.

3. Rotation - Rotating the parts in this system had no great affect on either
surface quality of the coating or eveness of coating.

4. Cleaning of Parts Prior to Coating Using various methods of cleaning
the Ti-6AI-4V plates prior to t.,ating did not produce any significant
results as far as adhesion or boxnd of the TiCN coating on Ti-6AI-4V. Using
ultrasonic, a caustic solution, a diluted nitric acid solution, and methanol,
all produced the same results. The TiCN coating bonds well to Ti-6AI-4V
no matter what prior treatment is given to the parts. In fact, adhesion of
the coating on parts that were given no treatment looked as good as parts
that had pretreatment.

5. Optimum Conditions - Using a deposition temperature of 710*C ± 10*C,
total gas flow of Il SCFH and a ratio of 1 to 1.6 between the titanium
tetrachloride and trimethylamine produced a hard, dense coating of TiCN
on bare Ti-6A1-4V in this hot-walled system as shown in Figure 21. The
hardness of the coating ran between 23(M to 2500 KHN using a 25gm load.
The parts were cleaned with methanol prior to coating and no rotation was
used.

Total deposition time to coat 35 small compressor blades with 1.2 to 1.5

mils of TiCN was 4.5 hr.
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Figure 21. TiCN Coating on Titanium 6A1-4V

DESIGN AND CONSTRUCTION OF PRODUCTION REACTOR

The reactor was made using water-cooled copper coils and a water-cooled steel plate as
shown in Figure 22. Fiberfrax insulation was used between the coil qnd the reactor chamber to
hold the insulating lampblack. The bottom plate had two 11,4-in. dia holes for exhaust ports
and a 2-in. dia hole in the center for a rotation shaft. The reactor itself was 18 in. in dia by 16
in. high to the top of the fiberfrax insulation.

Furnace Chamber

The furnace chamber and lid were made from 's-in. walled 316SS 15-in. dia as shown in
Figure 23. Two pipes were welded to the bottom of the chamber for exhaust and a hole was
made in the center for a rotation shaft. A flat lip welded to the top of the can allowed a seal
between the lid and can. A /8 -in., 316SS tube was welded to the center of the lid for the
process gases to enter. A 1 g -in. dia baffle plate was positioned on the underside of the lid 1 in.
below where the gases would enter the chamber, allowing even distribution of the gases into
the chamber. Two T/C's were put through the lid into the chamber. The outer T/C, shown in
Figure 23, touched the inner wall of the chamber at the level of the blades to be coated. The
inner T/C was positioned close to the parts during rotation and on a scrap part during
stationary deposition. This can would slip into the reactor. Lampblack was packed between it
and the fiberfrax liner.

The reasons for using a metal can vs a graphite can as used in the laboratory reactor were
two-fold:

1. The cost of fabricating a graphite can this size, with related hardware,
would be prohibitive.
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2. It was found that in the laboratory reactor the TiCN coating on the
graphite chamber would build up to such thickness that the graphite can
would crack and have to he discarded. The bond of the TiCN coating on
the hotwall of' the graphite was so strong that a method of stripping it after
each run could not be devised.

Since the TiCN does not bond well to stainless steel, cleaning the chamber out after each
run can be accomplished with minimal effort.

II
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TEMPERATURE CONTROLLER

An electronic temperature controller was mounted and connected to the existing 100KW
control panel as shown previously in Figure 20. The controller not only gave an accurate
readout on the temperature, but also provided an automatic control over power input to the
reactor. The controller was checked in use against an optical pyrometer and potentiometer and
agreement was within + 10C.
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Fixturing (Blade Holder.)

Rings were machined from graphite with notches in them to hold the foot of the
compressor blades as shown in Figure 24. These three rings can hold 110 blades and there is
enough room in the chamber to hold two larger rings and increase the capacity to approximate-
ly 250 to 300 blades. The rings were positioned in the chamber, as shown in Figure 25, in the
stationary position. If rotation was used, the shaft that would come into the center hole would
have a spider assembly attached to it and the rings would sit on this for rotation.

Flow Panel

The automatic flow panel used with the laboratory reactor was also used in the scaled-up
system. Piping was run from the flow panel to the scaled-up reactor. The flow panel and lines
to the reactor were pressurized, leak-checked, and purged prior to use.

OPTIMIZATION OF SCALED-UP REACTOR SYSTEM

During the term of this contract, 49 furnace runs were made in this system using a
variety of deposition (owliitions (Table 8). Calculating the volume of the new chamber vs the
volume of the laboratory reactor determined that an increase of 2.5 times the total flow was
necessary. The ratio of the gases was kept the same, except in some of the latter runs the
amine tlow was increased. Titanium coupons of 6AI-4V, 0.060 by 1 by 3 in., were used as test
samples in this program. Two major problems encountered in this scaled-up system were
bonding of the coating to the substrate and porosity. We had neither of the problems in the
laboratory reactor. It was found by trial and error that more than one variable was causing
these problems. The following were observed during this scale-up and each step has led to the
conclusion and goal of the contract:

1. Rotation of the parts has no effect on uniformity of coating, smoothness of
coating, porosity or bond. Rotation is needed in a cold-wall system for
temperature uniformity etc., but with the correct total flow and distribu-
tion of gases in a hot-walled system, it is not necessary to rotate the parts.

2. In some of the runs the amount of hydrogen used in the process was
eliminated as it was thought that hydrogen embrittlement of the titanium
was occuring which could be detrimental to fatigue strength. The coating
became very sooty when this was done. In this type of CVD process the
hydrogen is a "getter" for the chlorine, thus a minimal amount of hydrogen
must be used.

3. Since temperature is an important factor in this process, temperature
studies were conducted to determine any variations inside the reactor.
Thermocouples were placed at various points inside the reactor and on the
parts to be coated. A thermocouple was also placed on the outside of the
metal can or "susceptor" to see what difference there was in temperature
between the outside of the can and the parts inside.

At 8000C on the outside of the can, the temperature of the parts inside was
790*C. This 100 C difference was the same down to 700*C. The 10*C
variation inside the reactor was the same from the center of the can to the
outside wall. A thermocouple was positioned near the baffle plate inside
the metal can directly below the gas inlet tube. The temperature of the gas
as it enters the can was 670*C when the wall of the can was at 800°C. As
the coating gases are introduced into the reactor there is an initial drop in
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temperature of 10*C. At 800*C taken on the outside of the can, the actual
part temperature when deposition is started is 780*C. The temperature
varied ± 10*C throughout the coating cycle. Controlling the temperature
posed no problem in this system.

4. Distribution of gas flows and gas inlet temperatures was found to be a key
variable in this process. Insulation at the top of the furnace was changed to
increase or decrease the gas temperature as it entered the furnace
chamber. Different types of baffle plates were tried to distribute the gas
evenly, and the parts to be coated were positioned at different levels in the
chamber. The conditions that gave the best results were an inlet tem-
perature of 650*C, an inlet baffle plate 2 in. in diameter 1 '/2 in. below the
inlet to the chamber and the parts positioned 4 to 5 in. below the baffle
plate.

5. In all cases of the electroless nickel-plated parts supplied by P&WA/GPD,
the TiCN coating spalled off the parts and in some cases the nickel came
off the parts with the TiCN. The coating looked good when the parts were
taken out of the reactor but spalling occurred when the specimens cooled
to room temperature. This was particularly true of the nickel-plated
Krouse fatigue bars.* Some of these nickel-plated parts were baked in H,
at various temperatures up to 800°C prior to depositing TiCN, but results
were unfavorable. The spalling seemed to be due to a stress buildup when
electroless nickel was used as an intermediate layer. This condition did not
exist when steel parts were plated with sulfamate nickel and then coated
with TiCN.

*After several attempts, 9 of the 12 electroles nickel-plated Krouse fatigue bars were coated without spalling of the
Ti-Cote C.
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*TABLE 8. FURNACE RUNS MADE IN PRODUCTION REACTOR SYSTEM

N. Tota H. + N. Twat
'u =qoat:on f:' Matina V--suer Flo- to T=tal Asme abet ,e
No te Teieperaare lTate .Sore Tenweramwe Vewsaw 1t. Foo JMeil Risi ~.eoia Contra,.

D-I 02lf/8 700WC 5 In (CHJ.N Remn 5.0 N, Only 2.03 IS Titamium Negative - Coating a. New lie pnl.
TiCl. Temperature 5.4 Coupns Spffid. I. Temperature monitored by TC in waell

6Al.4V touching outaide one .

D2 02M021S 750"C 5 ho (CH.).N Room 96.0 N, Only 20 19 Titanium Negative - Coting Sama sboe.
TiCl, Temperature 25.4 Coupon Sway.

0-3 0ZWM 790C 4 hr (CHlN Room 90.0 N, Only 2.33 tO Titanium Negative - Costing a. New low panel.
TiCL. Temperature 179.0 Coupons Spilled. b. Changed total flow

c. Rotation

D-4 W01173 60"C 4 ho ICHIhN Rom 90.0 N, Only 233 18 Titanium Colonng and teturef Same an shore
TiC4. Temperature 1790 Coupa aample looked hetter.

Coating cam ON with
andbiamar.

D-5 OM" 70"C 4 ho (CH.),N Room 900 179.0 233 18 Titanium Thireasm 02 mik. No a Rotation
TiCL, Temperature Copons apsllig. Coting came

ef whean lightly mad.
bla etd at 50 la.

D.6 02/107 725"C 8 ho ICH.i,N Room 90.0 179.0 2.33 18 Titanium Coating spelled on coupona s No rotation
TiCt. Temperrurr Coupons bt adherd well on WC h. Bottom 2 ft of TiCL vspormnr

4 Carbide imu. insulated

117 02/13/78 OC I-I/6 ho ICH.I.N Hono 90.0 179.0 233 18 Titanium Aborted run due to cloned Samem abort
TiCK.. Temperature Coup wter stm failute.

D.8 tr2/14/79 730"C 8 h (CH.i.N Room 900 1790 2.13 18 Titanium Costing bondead ell. a Rotator
TiCL. Temperature Coupono Tckhnaa 0.46 to 0.84 b. Lampblack as insulatm.

wil.

D-9 02,21/79 7501C 8 h ICHlN Room 90.0 179.0 2 33 18 Titanium Nagative - Costing Problem with H, flow
TiCt. Temperature Coupon Spelled

D-1 02122/89 750*C A hr ICH,,.N Roao 960 179.0 2.33 19R Titanium Coating bonded well. would Coating Perou
TiCL, Temperature Coupons not osndhm t off. Thitkn-a 0 7 miln

D II 02/27/79 750C 8 hr (CH,),N Sam 900 179.0 23 18 Titanium Coating appeared to a New flow panel
TiC,., Temperature Coupons adhere ell. b. Chsnged TiCL, line fromfloor

Thichnem 0.5 mile panel to furnace from o to '. i'
c laced amine bttle near reactor

D
1
12 lamidt/7O 750*C 16 hr (CH.N Room 90.0 1790 2.33 18 Titanium Vsporier had plug in Same at above

TiCI., Temperature Coupon inlet line. Plugged
newest time, during
run Coating did not
adhem.

D.13 (KM"d.70 a091C 72 hr (CH,),N R-m 900 179.0 2.23 1 Titanium Coating Spelled, Titanium Same or sbve
TiCl.. Temperature Coupmo was attacked under the

masked amea f co iom

D. 0/ftTi0/7a 7001C 16 hr (CH,),N Room 960 179.0 223 1 Titanium Coating came W when Small rector fm Ponel
TiCl, Temperature Coupons hit with 50 psi. on

sandblaster.

D.16 03/21/79 710C 8 ho ICH,IN Room 96.0 179. 2.23 17 Titanium Coating looked good 2 Small mractor flow panel
TiCK., Temperature Coupons 0.5 miln thicknm b. Eliminated furnace liner and put

lsmphlack up t. wall of cannater

0-17 0I22/79 710"C 12 hr (CH,I,N Rirm4 900 1790 223 t0 Titanium 17netched coupone looked a. Small reac.or flo panel
TiCl., Temperature Coupons good Etched coupons b Half of coulai put in HNO. fore

did not adhe . , minute. prior to cleaning.

DI in ftl/29A 710"C 12 ho (CH,),N Ram 900 1790 2.23 l0 Titanium Adherence gorid encept s. New flow panel
TiCL, Temperature Coupois lower ' in. of coupon which b New TiC, hurtle

costing sndhlamod oif

-All Plow in 1S(CFP Standard Cuhic Feet Per Hour
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TABLE 8. FURNACE RUNS MADE IN PRODUCTION REACTOR SYSTEM (Continued)

N, Total H. - N, rual
Run Dpato Le Matinal V/aporaier Flow . to Toul Ae..a. !Aaboate
-No Lil eprt r tme Sowr rmpersturr Vationier, Flow Flow Hlaganij Rws Spatial conditions
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TICL. Tvampmlsunt coupe=. Spelled. bi Heated up arth argon, ltis
swtched to N, 5 mamits before
comi~ng

D v 045)27 710"C t0'. br (CH,),N Room. 90,0 179.0 2.23 10 Tilt.n..m Nilgatin. - Coaming Sam a. above
TiCL. Temperature Coupons Spelled. Exhaust plued Haded up writh gago

allet rim does, 1I'. hr marly.

r) 21 W "2D7 710*C 16 h, ICH.I.N Ronm 90 0 1790 223 16 Titanium Neotiat - Ran out of a Near foanpawel
TiCL, Temporaltu.. Couipons amine after 4'. lit

3 Ni plated roea tie
blede

D322 (011~8 710-C 16 hr ICH,IN Room 900111 1790 2,13 Ih Titanium Negative - Costing a Near ri- panwl
TiCL. Te.mal.. Couow. Spelled. b Haled up anth arton

3 Ni plated
blocks

D 3 011/9/7 710*C 12 hr ICH,I,N Ronm 000 1790 21 %3 9 Titanium. Negative - Coating a NotnDot, panel
TiCL. Tempr.... Coupom, Spelled. Partiall plug It Haled up milk argon

3 Ni plated in mauti r al.lie
blades

1) 24 (Vill1/79 710-C 12 hr ICH,I.N Ronm 90,0 1790 2.11 0 Titanium Exhaust pluggevd teere Sam.e. seboe
TiCL, Termperatuire Coup"r times daring run Coating

3 N.plated edhered to ftat or
blaes bModes, let edge. spellied.

Ti coupom Coating spelled
0 75 and 0.90 mu.

I .i(M."27 710-C 12 hr (CH,I.N Roam 000 M70 2.1M 4 Titanium Ealiaa plugged miniml a Small reactor Don, panel.
T-i,. Temoparal.... Coup-n times daring run Coating

4Ni plated splli o Peliprua.
bled. coaling and nickeal cam

INi plated off Ni plated
blades titanium coupon.

1326 rri ll7 710*W 12 hr ICI.,N Roam 00.0 1719.0 2 *t 4 Titanium Costing leoked goiod, a, Smell reactor Do.a pawel
TiCL. Temnperature Cou.pona but came elf It Spt obeft ma. remooed lieval

3 Stripped with 50 psi from large exbauot in rter of
N. pleted sandbLaser farnare to prevent plugging
Titanium
Cooprins

1)127 5/0/70 720*1 12 hr ICHl,I,N Roam 900 1790 21.1 6 Titanium Nagalino -Coting a. Smell reactor Don panell
TiC!.. Tmipral.... Ciipona Spelled, b Controlling furnace temporal... hy

by monitoring lemporature of copm.
-,rd, furnace wth a T/C

12 1) 2A (W 720W 6 br iCH~IN Roamn 900 171901 33 6 Titanium Nelgatce Coating a Small reactor Don paoel
TiCI.. Tetriporet coupol Spelle.& b tsing meereolum o-de ontop of

turnace an m-uer on

1)1?9 iS/tW711 F6W 01 br ICH,I.N Roam 9110 1700 21 6i Titanium Weinring t-emeure Small nreator n- panelI
TiCn. Temprtur Coipo on sie of ca..inWin. bt SOaple .e 4 in hiigherin fucoec

Neaalm - Coaling c Rhaut hon l-oneed 6; In from eoI
Spelled. d loamphlack an innilaton

D0 it 17/131711 7'20W 9 hr IC'H,PN Roam 90.0 179.0 2.1 LArge Al 4V Coating adhered eat e Small reactor Don panel
iCI.. Temperature titantium is a ft. msall arms b. Measuring temperatiure off pean

val.. of part after, 2 days c meatalled spin nheft for rotation
part 13 in. Coating asirned fakhing
diameter x off of nriee. Exhaust
7 in high. plugged after9 lr,

D) tIi7t0 720WC 16 hr ICHI,N Roam 900 m.9.0 2.1 7 Stage Aboete run after a. Smell reador Dn Panel
Tilm. Temporal.... 6 Titanium P., hr dae to bt. Exhaust tube., ohmrend to I ft

Bled.. exhaust plugging. Oating c No rotation
9 Stager spelled. d Temrperature cotrolled hoy t-ouin
7 Titanium blede in furnace with TIC

Blades

'All 01.... S*MFt Stanidartd C.bi, Feet Per Hioir
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TABLE 8. FURNACE RUNS MADE IN PRODUCTION REACTOR SYSTEM (Continued)

N, Total H. -N, rural
Ht,n ). p,aaa L).p Adeaaraal Vepoato "1oe t To. Aasaew Su bstrate

-. %,, Ta.pct. lne S-a, Taant'tel Vap.,, Plo, Fliev Meto.I &tak. Specael Conandaaaone
1) t, 07/19178 7201C 16 hw IC64,a.1 Mone go0 1790 2.33 14 Stag Costing led goot Ap- &.Smal ~acor hoo paanel

TaCL, Tentperialuo 6 Tilaestm intend to eat lan and b Bematod speo @Wa t, salo.e tor
fladm i so digot off, leapl, enhaoa

P7 QSe Shipped oil 33 kuos to c Readintg temoperature cdl of blae
7 Tianiuma Poett & Wkeinga d Ni stripped fromt oil bled. before

Bled. Mitnix

1)l V1 020111 -20-c 16 Ia. CI4.aN Raom 9D00 1790 233 12 Nacka Co-tiug"a"lean Sam as sliver
TaCI.. Tempeature plated Nickel ripalied off ban,

Kivits, also
fatigue
lists

l1) (9,2WV79 7311-1 161 h CH,I,N Roan 90 0 1790 2'0 4 Stan Coating looked good btut Samw coodataon. as 0.32
TiCl.. Tenape.. taa 6 Biwda ormoomrmoults 22.39 ser

6 Stegp on lot abeador
7 Blades

D3 TS' 10)32178 WCl 12 h, iClHalaN Raam 900 1790 2.3.3 3 Sltgp Costing Spsoed. Rased oaael on metor
TiCL. Tempeature 6 Blaes

3 Step
7 Bledm

D16 11014/78 754aC 12 hr (CHI,N 11 90.0 179.0 302 5 Stop Coaling thickness 1.0 mile Incresed amine flo- ly 30'
TiCL, eoo~a 6 Bledms Ilottity better.

6 Slap
7 Bled.

D-.37 110)1/78 76' R1 he CH,i,N Roorn. 90.0 179.0 302 4 Titanium Catingticknes .7 to Raondcoilom ractorfor bett irst~
TiCL, Tempeature Plot" 0.9 mile. Erojon roesults distribution. Incraed omie.

4-21 wc.

D.L9 1107/7 766WC 8hr (CH,)tN Roaom 1.35.0 272.0 3965 4 Tinntiam Coting thls 0.s7 male. Inemast total Ron,
TiCL. Temperoaur Plote" Era.... instll 264-428 sec.

still have porosity.

D .39 11/16/7A 770-C 12 hr ICH,iN Baaom 135,0 272.0 3.996 4 Titanium Coatinag thickaess 1.2. Still Duaplicationa oftD-38 ocept for lime
TiCl, Tempeatore Plotin porou. Hardness

Illn flHl4/10 got load.
Ertion epoulta 243-279 we.

1) 40 11/21/78 9163W 10 ha ICHal,N Raoom 13.5.0 272.0 .3,995 4 Titanium Coating bonded well. Daaplicaof aD 139 eocept for
Till.. Tempeature Platen 1thacknom 0.9 male temoperature

Crosion 122-238 e still

D3.41 12/0)1179 610-C 12 ha (C'1,l,N Raoom 1315.0 272.0) 3.960 4 Stage Coating atill porous. Used 8an, daameter graphate cylinder
WlC.. Temperature 6 Mleda Tltickirs I mil. Hardes. an center of meacto. to. heat

(steell1 100 KHN/10 ait load. distaibutiont.
2 Titanium

D.42 12A)7/79 MWIC 8 hr iCH,i.N Room 90.0 179.0 3.02 4 Stage Costing adherence, good. Raised parts an reactor closer lta gal
TiCL, Tempertuare 9 Blades but still porou. inlet.

loteell
2 Titanium

Coopom

1).43 12113/79 W0C 12 ha (C1,I,N Room 90,0 179.0 3.02 4 Slape Conting lockem goad. Repositioned parts in reactoe. Purged
TiLt. Temperatore 9 Mleda flaichae 0.84 mile, rmco oernight initb N,

lSol N.,dhaa. 2176 ICHN/5 gin
2 Titanium load. Zrone. 45741 mec.

Couopns

All Pl-in 0 SrFH) Standard Cubic Feet Per Hour
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TABLE 8. FURNACE RUNS MADE IN PRODUCTION REACTOR SYSTEM (Continued)

Revolt.SpinalCoiatoau N. ~ie Tetnpue~wv Th. Ewe, H.auot W-nr Ne Twle
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CONCLUSIONS

Using the conditions as stated in run No. D-49 enabled the production of a hard, dense
coating of TiCN* on a number of small titanium compressor blades. A total deposition time of
16 hr is needed to deposit 1.2 to 1.5 mils of TiCN on these parts. The deposition time is long,
but since 250 to 300 blades can be coated at one time, and the yield rate is reasonable, this
should not have a drastic effect on cost in production.

The results of the program show that more must be learned about the Ti-Cote deposition
process in the scaled-up, hot-wall reactor. The reason for the erratic erosion resistance has not
beeI folund. Until the causes of the problem are thoroughly understood, it will not be possible
to have a successful produt ion system.

RECOMMENDATIONS

Even though a large reactor system has been used to produce a TiCN coating on bare
titanium blades, it is felt that the following will have to be looked at in any new programs prior
to production:

1. Reproducibility from one batch of blades to the next. This includes
uniformity of the coating.

2. Improvement of the surface finish of the TiCN coating. (Roughness, etc.)

3. Examination of an interlayer other than electroless nickel between the
titanium part and the coating. This may help in reducing fatigue loss in
the blades.

4. l)etermination of just what is an acceptable coating on titanium blades
using a simple NI)T procedure.

IMT" was premature in their evaluation of the TiCN on the compressor blades. Testing performed at P&WA/GPD
revealed that the Ti-Cote C deposited on the compressor blades using the D-49 parameters had very poor erosion
reststance
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SECTION IV

REVIEW OF THE MATERIALS TECHNOLOGY CORPORATION REPORT

Several discrepancies exist between statements in the report prepared by Materials
Technology Corporation (MTC) and test data generated at P&WA/GPD. This can be at-
tributed to the fact that MTC does not have testing facilities equivalent to P&WA/GPD and
consequently MTC was simply premature in their evaluation of the Ti-Cote C quality. MTC
was, in fact, very surprised to learn that reactor run D-49 had poor erosion resistance. Reactor
runs D-48 and D-49 used duplicate parameters and no satisfactory explanation for the
performance difference was available.

The fact that no cause was discovered for the variation in erosion resistance of TiCN
deposited in run D-48 vs run D-49 is typical of problems encountered with reproducibility
throughout the program. A review of the runs made in the MTC reactor shows that runs D-42,
D-43 and D-46 through D-49 all used essentially identical parameters. The results, however,
varied considerably with respect to Ti-Cote C adhesion, porosity, surface finish, hardness and
erosion resistance. It is obvious, therefore, that one or more unidentified variables exist in the
scaled-up, hot-wall reactor zystem. These undefined variables were apparently of little signifi-
cance in the small, hot-wall reactor but they have had a significant effect as the reactor size
increased.

Based on the testing and evaluations performed at P&WA/GPD, the scaled-up reactor
cannot now successfully be used as a model for a production system. We strongly agree with
the recommendations offered by MTC. It is essential to address these areas prior to instituting
any production program for Ti-Cote C application.
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SECTION V

CONCLUSIONS

1. The scaled-up, hot-wall reactor is not suitable for production in its current
state of development. The major problem is that consistent erosion re-
sistance has not been obtained between reactor runs and MTC has not
been able to solve the problem.

2. Erosion resistance of Ti-Cote C was very poor on JT12 compressor
7th-stage airfoils coated in the production reactor. Flat test coupons,
however, coated immediately prior to the airfoils under duplicate condi-
tions, had acceptable erosion resistance. The erosion resistance of Ti-Cote
C on the JT12 compressor blades varied from four times greater than bare
titanium (600'F, 30-deg impingement) to three times worse than uncoated
titanium 6AI-4V (600°F, 90-deg impingement). The erosion resistance of
Ti-Cote C on the flat test coupons ranged from 19.5 times greater than
uncoated Ti*6A-4V (600'F, 60-deg impingement) to twice as good as bare
Ti-6AI-4V (600'F, 30-deg impingement).

3. MTC was unable to achieve consistant adhesion between Ti-Cote C
deposited in the scaled-up, hot-wall reactor and electroless nickel-plated
titanium alloy substrates.

4. MTC was able to deposit Ti-Cote C directly onto a titanium 6AI-4V
substrate in the scaled-up, hot-wall reactor. All airfoiis and erosion
coupons were coated in this manner.

5. Coating coverage and coating adhesion were good on JT12 7th-stage
compressor blades. This represents a marked improvement over results
obtained with either a cold-wall or small hot-wall reactor.

6. 'ri-Cote C applied to JT12 7th-stage compressor blades appears to have
acceptable thermal shock resistance to 900'F.

7. Fatigue strength reductions of 62-64", were measured at 600'F on Ti-Cote
C-coated JT12 7th-stage compressor blades.
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SECTION VI

RECOMMENDATIONS

To obtain consistent erosion resistance of the Ti-Cote C, it will first be necessary to
better define the reaction kinetics of titanium carbonitride formation. A research program
directed toward this goal would provide the information necessary to understand the chemical
and/or structural differences between Ti-Cote C coatings with high and low erosion resistance.
With this basic information in hand, an improved reactor can be designed and constructed
that will achieve consistent Ti-Cote C quality.
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