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INTRODUCTION 

Currently, many details of the erosion process on gun bore surfaces remain poorly 
understood. The major contributors to erosion include: 

• Thermal effects 
• Chemical attack by propellant gases 
• Mechanical wear from projectile passage 
• Mechanical loading from gas pressurization 

Gun bore surfaces are typically subjected to short (5- to 10-ms) pulses of high thermal 
energy during firing of a round. Included among the deleterious thermal effects are melting, 
metallurgical transformations, thermal and transformational stresses, and surface cracking. 

Bore surfaces are often electroplated with high-contractile (HC) chromium to improve 
resistance to erosion. The terms high-contractile and low-contractile (LC) refer to the differences 
in contraction during deposition and the subsequent 200°C annealing to drive out codeposited 
hydrogen. Because of the difference in contraction, LC chromium is uncracked prior to firing 
while HC chromium has a high density of embedded and surface cracks even before firing. The 
LC chromium coatings were developed to exploit benefits of coatings with lower crack densities. 
Although LC chromium cracks during firing, it remains significantly less cracked than HC 
chromium after firing (refs 1,2). Current efforts are also underway to develop such alternatives 
to chromium as magnetron-sputtered coatings. 

There is extensive experience with gun bore protective coatings, including HC and LC 
chromium (refs 1,3,4). The most detailed compilation of this experience remains the 1946 
National Defense Research Committee Report, "Hypervelocity Guns and the Control of Gun 
Erosion" (ref 1). X-ray diffraction studies of HC and LC chromium have also been reported (refs 
5,6). 

A recent survey study of chemical attack initiation in HC and LC chromium plated gun 
bore surfaces (ref 2) showed that chemical damage to the steel substrate begins at the tips of 
chromium cracks with propellant gas/metal reactions. The reaction products usually appear as 
gray layers or gray zones in the steel. These layers are iron oxide, iron sulfide, or mixtures of the 
two. 

Wherever there is a heat-affected zone, a white layer (appearing lighter than the 
surrounding etched material in micrographs) forms in the steel immediately adjacent to and 
beneath the gray oxide layer. This is the familiar "white layer" indicative of carburization and 
nitriding (ref 1). 

It is difficult to assess the role of specific damage mechanisms because they are numerous 
and act simultaneously on the gun bore surface during firing. In prior work, laser pulse heating 
was investigated (refs 7,8) to assess its ability to duplicate the essential thermal cycle effects on 



uncoated and chromium-coated gun steel and to determine the effects of cyclic thermal pulsing 
alone (e.g., without firing pressure). 

The present study compares laser pulsing results with vented combustor tests that were 
performed at low propellant gas pressures to more closely approximate the laser test conditions 
(1 atm). The data are also compared with gun firing results. The aim is to gain fresh insights 
into thermomechanical damage mechanisms, such as thermal fatigue and fracture initiation from 
thermal cycling. 

A crucial parameter in determining fracture initiation is the residual stress in the heat- 
affected zone. The x-ray diffraction method was used to measure the residual stress in the heat- 
affected zone in a vented combustor specimen and in several available gun tube sections where 
firing produced a heat-affected zone. Dilatometry results and hot hardness data on gun steel are 
used to explain many of the key observations in terms of the austenite-to-martensite phase 
transformation. 

The primary conclusions of the present study are that the compressive stress in the heat- 
affected zone plays a major role in controlling erosion damage initiation at the coating/steel 
interface and that firing pressure and sliding damage are significant factors that augment thermal 
fatigue damage. Delayed fracture from high-temperature hydrogen charging is another possible 
contributor to fracture initiation (ref 9) in areas outside the heat-affected zone. 

EXPERIMENTAL METHODS 

Specimens 

All steel specimens and substrates were ASTM A723 steel (gun steel) in the quenched 
and tempered state, with a nominal yield strength of 1.1 GPa (160 Ksi). Uncoated gun steel was 
tested with laser pulse heating and vented combustor firing. 

High-contractile chromium coatings were electrodeposited on gun steel substrates and 
annealed at 200°C for two hours to drive out codeposited hydrogen. The coatings were 
approximately lOO-^im thick. These were tested with laser pulse heating and vented combustor 
firing. Chromium coatings sputtered onto gun steel substrates were also tested with laser pulse 
heating. 

The vented combustor specimens in the present experiments were cut into halves axially 
by electrodischarge machining (EDM) to allow testing of multiple specimens. The two halves 
were inserted together into a sleeve during the test. All specimens were annealed to relieve any 
hydrogen charging from EDM and electroplating. 

A planar sputtering facility equipped with a 50-mm Torus gun was used to provide an 
approximately 100-[im sputtered chromium coating on gun steel. 



X-ray diffraction measurements of residual stress were performed on the following: 

• Uncoated gun steel that had experienced vented combustor firing 
• An uncracked surface of a 120-mm gun bore that had fired 39 high-temperature 

rounds 
• An eroded surface of a 45-mm gun bore that had fired 20 high-temperature rounds 

with no cracking 

Laser Pulse Heating 

In the laser pulse heating experiment, radiation of wavelength 1064-nm from a 
neodymium-doped yttrium aluminum garnet (Nd: YAG) laser was delivered to the test specimen 
surface. The pulse duration was 5-ms (full width at half maximum). Lenses focused the light 
from the laser rod into a 10-m coiled length of all-silica optical fiber with core diameter of 600- 
|xm, cladding diameter of 720-|im, and numerical aperture of 0.20. An optical fiber was used 
both for convenience and for assurance of a uniform distribution of energy at the specimen 
surface. Lenses at the output of the fiber projected a magnified image of the end face of the 
optical fiber onto the specimen surface. The spatial distribution of energy at the specimen 
surface was approximately uniform over a two- to three-millimeter diameter circular spot. Since 
the depth of the high temperatures and high thermal gradients was typically less than 0.2-mm, the 
heat flow for most of the heated area was approximately one-dimensional and normal to the 
surface, as it would be on an actual gun bore surface. 

A significant portion of the laser energy is reflected rather than absorbed, depending on 
surface roughness and oxidation, both of which can change during heating. Therefore, the 
absorbed energy was measured calorimetrically, using a thermocouple spot-welded to the 
opposite face of the specimen to measure the specimen's overall temperature rise (refs 7,8). The 
need to measure the overall temperature rise limits the size of the specimen. The specimens were 
approximately 6x6-mm^ and 2.5-mm thick. All pulse energy values quoted are for energy 
absorbed rather than incident. An absorbed energy density of up to 1 J/mm^ would be typical for 
conventional high-temperature propellants. 

Vented Combustor 

The vented combustor consists of a combustion chamber with an attached nozzle of 
length 4.5-cm and orifice diameter 2-cm. A burst disk seals the output of the nozzle. Standard 
155-nMn propellant is ignited in the chamber and pressure builds up until the burst disk breaks, 
allowing the propellant gases to flow through the nozzle. The thickness of the burst disk 
determines the maximum pressure reached in the chamber. The region of the nozzle 
experiencing high-speed gas flow is the test area. 



Two nozzles were tested: one of gun steel coated with HC chromium and the other of 
uncoated gun steel. Both nozzles were subjected to 20 firings at maximum chamber pressure of 
85 MPa (15 Ksi). This pressure was empirically selected to produce chromium damage 
comparable to that seen in eroded regions of gun tubes. The duration of the vented combustor 
events was approximately 15-ms. Further test details are provided in Reference 10. 

X-Rav Diffraction Stress Measurement 

X-ray diffraction measurements of residual stress were performed on the uncoated vented 
combustor specimen and the 120-mm and 45-mm gun bore surfaces described earlier. The crack 
density on the vented combustor specimen was sufficiently low (on the order of 1/cm) to permit 
valid x-ray measurements at several locations. For all specimens, areas adjacent to the x-ray test 
locations were examined metallographically to confirm the presence of a heat-affected zone at 
the surface. 

RESULTS 

Laser Pulse Heating 

Figures 1 and 2 show some of the effects of laser pulse heating of gun steel coated with 
HC chromium. Twenty pulses of approximately 1 J/mm^ were applied. The crack damage is 
confined to the heat-affected zone because of the limited number of heating cycles in these tests. 
Figure 1 was etched to bring out the interdiffiision zone at the chromium/steel interface. As 
discussed in Reference 7, such interdiffusion has been associated with interface degradation by 
the development of Kirkendall porosity. 

Figure 1. Typical example of crack blunting effect observed after 20 laser 
pulses on chromium plated gun steel specimens. Note the parallel alignment 

of the chromium crack faces which generally accompanies the blunting 
process. Such features are also commonly observed in fired gun tubes. 



Chromium 

Figure 2. An example of one of the farthest progressions of blunt cracks after 20 
laser pulses of a chromium plated specimen. An example of damage initiation 

in the steel at the tip of a fine chromium crack is seen in the upper part of the figure. 

Figure 2 shows one of the largest cracks seen in the heat-affected zone due to application 
of 20 laser pulses. As seen here and in numerous similar experiments, such cracks generally 
exhibit pronounced blunting despite the high hardness and accompanying low fracture toughness 
of the heat-affected zone. The large crack in Figure 2 actually exhibits significant cavitation. 

Figures 3 and 4 show several of the larger cavitations that occurred in laser pulse heated 
specimens that were coated with sputtered chromium. Twenty pulses of approximately 1 J/mm^ 
were applied. The asymmetry of the void observed in Figure 4 was caused by the long, thin 
surface inclusion visible at the chromium/steel interface. Similar surface inclusions are seen 
elsewhere along this interface and were probably introduced during surface grinding. The 
asymmetric shape of the large void in Figure 4 is due to the lack of adhesion between the 
inclusion and the steel, which allowed the steel to pull away from the inclusion during the 
cavitation process. On the other hand, the coating-to-inclusion adhesion is expected to be good 
because that inclusion surface was exposed to the sputter-cleaning process prior to deposition. 
We observe similar disbonding effects at cavitation sites in specimens where poor adhesion 
exists between the coating and the steel. 

Another remarkable feature shown in Figures 1 through 4, and often observed in gun 
tubes, is the essentially constant width of each of the chromium cracks through the thickness of 
the coating, the crack faces being aligned parallel to each other rather than in the expected V 
shape. Although not shown here in its entirety, the uniformity of the crack widths extends 
throughout the coating. This effect indicates a loss of any significant constraint exerted on the 
chromium coating by the substrate steel. 



Figure 3. Examples of crack blunting in sputtered chromium specimen after 
20 laser pulses. The cavitation process has extended to nearly cylindrical voids. 

Figure 4. Example of cavitation extending into a large void under laser pulse heating of the 
sputtered chromium specimen. In this case an inclusion evidently enhanced the process. 

Numerous laser pulse-heating experiments (with 1, 5, and 20 pulses) have previously 
been performed on uncoated gun steel, including experiments at pulse energies sufficient to 
produce melting (refs 7,8). Heat-affected zones are always formed at the energies used in the 
present tests. In contrast to the coated specimen results, however, no localized damage initiation 
in the form of cracks or cavitations has ever been observed in the heat-affected zones of laser 
pulsed specimens of uncoated gun steel. 

Grain sizes in the heat-affected zone cannot be resolved by optical microscopy or 
scanning electron microscopy. Atomic force microscopy was performed on etched specimens of 
laser pulse heated specimens. The images indicate nanocrystalline grain sizes (typically ranging 
from 20- to 100-nm) in the heat-affected zones. 



Vented Combustor Firing 

After the 20 shots, the vented combustor sections (halves) were pohshed to reveal details 
of the cracking in the heated regions. Figures 5 and 6 show the typical crack blunting effects 
observed in the vented combustor nozzle coated with HC chromium. Just as for the laser pulse 
heating of HC and sputtered chromium, the blunting in the chromium-coated vented combustor 
nozzle is quite pronounced. This nozzle has a deep heat-affected zone, up to 150-|a,m thick, 
depending on location along the nozzle axis, because of the long pulse duration (approximately 
15-ms). The crack widths in the chromium-coated vented combustor nozzle are clearly seen to 
be uniform throughout the coating, just as they are in the HC and sputtered chromium coatings 
that were laser pulse heated. 
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Figure 5. An example of crack blunting in the heat-affected 
zone of the chromium plated vented combustor nozzle. 

Figure 6. Another example of crack blunting in the heat-affected 
zone of the chromium plated vented combustor nozzle. 



Figure 7 shows examples of propagation of the blunt cracks through most of the steel 
heat-affected zone in the chromium-coated vented combustor nozzle. The results are similar to 
those observed in Figure 2 for laser pulse heated HC chromium. This image was recorded from 
the wider flange area of the vented combustor nozzle, where the heating is less severe. The 
arrow indicates the approximate depth of the heat-affected zone at this location. 

/4 Heat-affected zone Mn 
200 \im 

Figure 7. Examples of typical blunt crack propagation through the 
heat-affected zone of the chromium plated vented combustor nozzle. 

For comparison, three randomly selected axial cuts were made in both the uncoated and 
chromium-coated vented combustor specimens, and cracks were counted on the cut surfaces after 
metallurgical mounting and polishing. The key results are shown in Figure 8. The most 
revealing result in terms of damage initiation is the observation of numerous subsurface cracks in 
both specimens. The numbers of fiiUy developed cracks and subsurface cracks for the coated and 
uncoated specimens are given in Table 1. The "subsurface cracks" in this context, refer to cracks 
that exist below the heat-affected zone, but which have not actually broken through to the nozzle 
surface or chromium/steel interface. The arrows indicate the approximate depths of the heat- 
affected zones. Note the tendency for blunting and cavitation where these subsurface cracks 
extend into the heat-affected zone. The blunting and cavitation is more pronounced for cracks 
that propagate from the subsurface than for any cracks that propagate from the surface (Figure 7) 

Table 1. Number and Types of Cracks Exposed by Sectioning of Nozzles 

Nozzle Full Cracks Subsurface Cracks Total Cracks 
Uncoated 21 7 28 
Chromium-Coated 16 6 22 
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Figure 8: Collection of micrographs of subsurface cracks that formed in the chromium-coated 
and uncoated vented combustor nozzles. Note the initiation of cavitation in some of the 

examples. One figure shows multiple subsurface cracks that probably represent a flaw in the 
steel. Nominal values of Kjc are labeled in the heat-affected zone and in the tempered 
martensite zone to underline the remarkable resistance of the brittle layer to fracture. 

Figure 8 includes an example of a fully developed crack extending from the nozzle 
surface to well below the heat-affected zone. This crack is typical of all the fully developed 
cracks in both the uncoated and chromium-coated nozzles. It shows the tendency of these cracks 
to propagate in a relatively straight line within the heat-affected zone and to follow a meandering 
path along the prior austenite grain boundaries below the heat-affected zone. Similarly, 
subsurface cracks tend to follow the prior austenite grain boundaries. 

Examination of the nozzle surface immediately above the subsurface cracks reveals 
unusual surface upheavals and depressions that trace tiie path of the subsurface cracks along the 
specimen surface. This is true both for the uncoated nozzle and the chromium-coated nozzle 
where the coating had been eroded away. These tracks often extend several millimeters in 
relatively straight lines along the surface. The upheavals and depressions form as a direct result 
of the cavitation process beneath the surface and necessarily reflect a high degree of plastic flow. 
On the chromium-coated nozzle, the fact that the subsurface cracks propagate in straight lines 
that do not follow the original randomly oriented chromium cracks is further evidence that the 
cracks nucleate and propagate beneath the surface rather than by propagation of the chromium 
cracks into the steel substrate. 

The uncoated nozzle exhibits either subsurface cracks or fully developed cracks. There 
are no surface crack initiation sites (i.e., no short cracks that initiate at the surface and penetrate 
only a short way into the heat-affected zone). Thus, for the uncoated nozzle, there is no evidence 
of any crack initiation at the surface. All crack initiation evidently occurred below the surface. 



In contrast, for the chromium-coated nozzle, there were numerous damage initiation sites 
in the steel at the chromium/steel interface. In fact, most of the chromium cracks had damage 
initiation in the steel at the chromium/steel interface as indicated in Figures 6 and 7. Note that 
the total number of fully developed cracks in the chromium-coated nozzle is actually smaller than 
in the uncoated nozzle (16 versus 21). This is unexpected, given the preexisting chromium 
cracks and numerous damage initiation sites in the steel at the chromium crack tips and the 
absence of surface crack initiation in the uncoated nozzle. 

The apparent discrepancy can be explained by assuming that subsurface cracking is the 
primary crack mechanism and is caused by hydrogen charging. Since chromium is a hydrogen 
barrier, it will serve to delay hydrogen charging in the coated specimen until its effectiveness is 
reduced by the development of coating cracks during firing. 

X-Rav Diffraction Stress Measurement 

Table 2 lists the x-ray diffraction measurements of residual stress in the heat-affected 
zone of three representative specimens. The stress values are all compressive, in the 200 to 300 
MPa (30 to 40 Ksi) range. Compressive stresses are generally observed for transformation- 
hardened steel surfaces. For example, similar compressive stress values are reported for laser- 
hardened surfaces (ref 11). 

Table 2. X-Ray Diffraction Stress Measurements 

Specimen Stress 
(MPa, Ksi) 

Stress Error 
(MPa) 

120-mm Gun Tube -277, -40 ±3.5 
Unplated Vented Combustor -212,-31 ±5.0 
45-mm Gun Tube -239, -35 ±4.4 

Figure 9 is a dilatometer result for a gun steel specimen, illustrating the dilation (strain 
versus temperature) due to thermal expansion and the austenite and martensite phase 
transformations. These data will be used in the discussion section to explain some of the features 
exhibited in the heat-affected zone, including crack blunting, cavitation, and residual stress. 

10 



AL/L 

TempenitiiR(C) 

Figure 9. Dilatometer results showing strains during one complete thermal cycle. 

Figure 9 shows a thermal expansion on heating followed by a contraction during the 
austenite phase transformation near 750°C. On cooling, the contraction is greater in the austenite 
phase because of the higher coefficient. The contraction is interrupted by the martensite 
expansion near 280°C. Also labeled are our measured values of Vickers hardness corresponding 
to the indicated location on the thermal cycle. 

Unique Crack Pattern on Rifled Bore Surfaces 

Figure 10 is an optical image of an eroded land on a rifled 155-mm gun bore. Unlike 
smoothbore tank gun projectiles, which use nylon "bore rider," the 155-mm projectiles use a 
metal rotating band that engages the bore rifling. The surface of this gun, both lands and 
grooves, was originally electroplated with a lOO-^im thick coating of HC chromium, which 
eroded away after 476 rounds at high firing rates. Figure 10 is shown because it is typical of 
rifled 155-mm gun surfaces (ref 2). The network of cracks form a "brickwork" pattern with the 
long dimension of the bricks oriented perpendicular to the sliding wear direction. The chromium 
coating adjacent to the eroded area has this same brickwork pattern in addition to the smaller- 
featured, random heat-checking pattern that normally appears on HC chromium. As with 
subsurface cracks, the crack pattern shown here cannot form from propagation of the randomly 
oriented chromium cracks into the steel. The metal rotating band is evidently responsible for the 
unique crack morphology of rifled 155-mm surfaces. 
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Figure 10. Crack pattern along one of the lands of a 155-mm gun 
specimen. The major cracks are aligned across the wear marks that 

form as a result of sliding contact with the metal rotating band. 

DISCUSSION 

First, consider the origin of compressive residual stress in the heat-affected zone in terms 
of the dilatation data in Figure 9. Initially, before any thermal cycling due to firing or laser 
pulsing, the steel is tempered martensite. After the first cycle, the steel near the surface has 
quenched to untempered martensite and will tend to remain untempered martensite during 
subsequent rapid heating up to the contraction and transformation to austenite at 700 to 750°C. 
At low temperatures, the yield strength of untempered martensite corresponding to the indicated 
Vickers hardness of 900 is approximately 1.6 GPa (230 Ksi.). On heating above the austenite 
transformation, the hardness drops to Vickers hardness of 40 allowing the steel to yield 
dramatically, producing an essentially unstressed state. 

After heating ceases, the steel near the surface rapidly cools, or self-quenches, due to heat 
conduction into the bulk. The thermal expansion coefficient for austenite (~25xlO'^/°C) is 
considerably higher than that for martensite (~12.5xlO'V°C). The rapid contraction from an 
essentially unstressed high-temperature condition then produces tensile stresses. 

A key point, shown in Figure 9, is that upon cooling, the steel remains as low-strength 
austenite until transforming to high-strength, low toughness (~11 MPa«m*'^ (10 Ksi«in^'^)) 
untempered martensite. The actual yield strength of the austenite during the quench is unknown, 
as is the strength of the untempered martensite during rapid heating. We can assume, however, 
that the strength of austenite will not exceed that of the more heavily alloyed austenitic stainless 
steels, so, in this range, the maximum yield strength is assumed to be -140 MPa (20 Ksi), 
consistent with the measured hot Vickers hardness of 120 and typical strengths of low alloy 
stainless steels. Given such low strengths during the quench, large tensile yielding will occur and 
the maximum possible tensile stress should be correspondingly low, limited roughly to the 
assumed 140 MPa (20 Ksi) yield strength. Thus, the dominant contribution to the residual stress 
in the heat-affected zone must be the volume expansion accompanying the subsequent 
transformation to high-strength martensite. 
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If one assumes, unrealistically, that martensite plates form with no yielding of the 
surrounding austenite, one can estimate from the indicated strain of ~0.4%, an upper limit of 1.2 
GPa (170 Ksi) for the resulting compressive residual stress. At the other extreme, allowing for 
the fact that the martensite plates form within a low-strength austenite matrix, the residual 
compressive stress could conceivably be as low as the yield strength of austenite, on the order of 
140 MPa (20 Ksi). The measured residual stresses, in fact, fall within these limits, deduced from 
the dilatometry data. The fact that the measured values are near the lower limit suggests that the 
yielding of the soft austenite plays a dominant role in limiting the stress generated during 
martensite formation. 

Next, consider the phenomenon of crack blunting and cavitation in laser pulse heating 
(Figures 2, 3, and 4) and indications of cavitation in low-pressure vented combustor firing 
(Figure 8). These effects cannot occur when the heat-affected zone is in the fiiUy hardened, 
brittle untempered martensite state. In light of the phase transformation and yielding processes 
discussed earlier, the observed blunting and cavitation must be produced during the rapid cooling 
stage, when substantial tensile yielding occurs in the soft austenite. 

Figure 11 is a schematic of the main features responsible for the cavitation induced at the 
coating crack tips by laser pulse heating, when no external pressure is present (P = 0). In that 
case, the constraint of the cold substrate prevents strains in the plane of the surface so that all 
strains, elastic and plastic, in the heated surface layers are vertical, or normal, to the surface. At 
high temperature, the chromium plate and heated steel, including the heat-affected zone, are 
compressed sufficiently to cause vertical metal flow, until most of the stresses are relieved in the 
chromium and heat-affected zone. Upon quenching from this state, the steel in the heat-affected 
zone will tend to contract roughly three times faster than the chromium plate above it, producing 
a condition of hydrostatic tension that leads to cavitation at initiation sites provided by the 
chromium cracks. 

P=0 (Laser) 

Cr 

HAZ 

Steel 

■^ 

HOT COLD HOT 

Figure 11. Schematic of cavitation process in the laser pulse heating experiments. 
Also illustrated is the effect of pressure in suppressing the cavitation process. 
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Also shown in Figure 11 is the expected influence of pressure on the cavitation process. 
As long as the external pressure exceeds the yield strength, i.e., the approximate magnitude of the 
hydrostatic tensile stress from the differential thermal contraction, cavitation should be 
suppressed. This is consistent with the fact that cavitation is generally not observed in gun tubes 
where propellant gas pressure is present during the thermal cycle. In this case, pressure will act 
on the crack faces to drive the crack via ductile fracture. Pressure-driven ductile fracture is 
expected to be the dominant damage mechanism in the heat-affected zone at elevated 
temperatures in gun firing because the firing pressures greatly exceed the thermal stresses, which 
are limited by the yield strength. 

The magnitudes of the plastic strains that occurred at the surfaces of the cavities in 
Figures 3 and 4 are unusually large. If one assumes, conservatively, that the cavities in these 
figures start flat with a width equal to the chromium crack widths, then we are observing strains 
in 500 to 800% range, indicative of high strain rate superplasticity. The essential conditions for 
high rate superplasticity are small grain size and high temperature (greater than 0.5 melting point) 
(ref 12). Both are present in the heat-affected zone since the grain size is submicron. Given that 
superplasticity is likely to be present in the heat-affected zone, the flow stresses will actually be 
substantially less than the yield strengths assumed in the discussion of the processes associated 
with Figure 9. 

Cavitation upon deformation is a characteristic of superplastic materials. It is also known 
that application of pressure in excess of the flow stress will suppress cavitation (ref 13). This is 
consistent with our interpretation of the role of propellant gas pressure on cavitation in the heat- 
affected zone. 

The presence of high-temperature superplasticity in the normally brittle heat-affected 
zone offers an explanation for the wide variety of unusually large deformations observed therein. 
This includes cavitation, crack blunting, loss of coating constraint by the substrate steel, and the 
large surface dilations associated with subsurface cracks in the vented combustor experiments. 

The presence of compressive residual stress in the heat-affected zone explains a number 
of observations: 

• The absence of cracks, surface-initiated or otherwise, in the uncoated, laser pulse 
heated specimens 

• The absence of surface-initiated cracks in the uncoated vented combustor nozzle 
• The existence, in both uncoated and coated vented combustor nozzles, of numerous 

lengthy subsurface cracks below the heat-affected zone that do not propagate upward 
completely through the heat-affected zone 

• The resistance to propagation of numerous fracture initiation sites at the chromium 
crack tips in the laser pulse heated chromium-coated specimens (both HC chromium 
and sputtered chromium), in the chromium-coated vented combustor nozzle, and in 
fired chromium-coated gun bore surfaces (reported in Reference 7 and 8) 
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Because the fracture toughness of the heat-affected zone is so low, any significant tensile 
stress would quickly induce brittle crack growth from the coating cracks and the damage 
initiation sites within the steel at the coating crack tips. 

Subsurface cracks in fired guns are rarely observed. They are usually considered 
anomalies. This difference between vented combustor and fired gun results can be attributed to 
the effect of the high firing pressure that will tend to rapidly drive surface or subsurface cracks 
through the heat-affected zone. 

Regarding the possibility of hydrogen cracking, the compressive stress in the heat- 
affected zone prevents the delayed hydrogen cracking so that such cracking can only initiate and 
propagate below the heat-affected zone. 

The absence of subsurface cracks in the laser pulsed specimens contrasts with the 
numerous subsurface cracks that occur in the vented combustor nozzles for the same number of 
cycles. It is likely that high-temperature hydrogen charging occurred in the vented combustor 
nozzles and led to the rapid development of subsurface cracks. The smaller number of cracks in 
the coated vented combustor specimen and the strong tendency for the subsurface cracks to 
propagate along the prior austenite grain boundaries supports the hydrogen interpretation. It is 
noted, however, that thermal fatigue can also be intergranular, so observations of intergranular 
fi-acture may not be definitive. 

Any crack propagation in the laser pulse heated specimens must be due primarily to 
ductile fracture and/or cavitation during tensile loading in the self-quench stage. For example, 
corrosion fatigue is ruled out by the ductile nature of the damage and the fact that the 
experiments were performed in air at atmospheric pressure. Similarly, crack initiation and 
propagation in the heat-affected zones of the vented combustor nozzles exhibit ductile fracture 
and some cavitation features, the latter due to the low-pressure condition of the tests. 

The above discussion of the beneficial effects of the heat-affected zone may be 
misleading. There are conditions where the heat-affected zone is detrimental. For example, if 
mechanical loading in excess of the residual stress is applied, (e.g., due to metal rotating bands or 
projectile balloting) the low toughness heat-affected zone will fracture readily. As another 
example, if one follows high-flame temperature rounds with low-flame temperature rounds, a 
tensile residual stress can be induced in the brittle heat-affected zone, which will tend to produce 
extensive fracture. 

The data on the unique "brickwork" crack pattern on eroded surfaces of rifled 155-mm 
gun bores were included in an attempt to provide a more complete picture of the fracture 
initiation mechanisms in large caliber guns. The long axes of the brickwork cracks that form in 
the 155-nmi chromium coating and propagate into the steel substrate, as shown in Figure 10, are 
aligned perpendicular to the wear direction of the metal rotating band. Gawne (ref 14) showed 
that this is characteristic of sliding wear and sliding fatigue for chromium when metal-to-metal 
sliding contact occurs. The same process leads to interface fatigue failure and chromium 
spallation. 
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In summary, compressive residual stress and crack blunting from superplasticity in the 
heat-affected zones of gun bore surfaces are beneficial features that tend to offer protection in the 
firing environment. In low-pressure conditions, damage initiation is from thermal fatigue, and 
hydrogen embrittlement is expected to be subsurface because of the protection offered by the 
compressive stress in the heat-affected zone. Under high-pressure firing conditions in 120-mm 
guns, mechanical loading from gas pressure appears to rapidly drive ductile cracks through the 
heat-affected zone, since subsurface cracks are generally not observed. Also absent in fired gun 
tubes is any indication of the cavitation seen in laser pulse heating. This is taken as another 
illustration that pressure plays a significant role in damage initiation in gun tubes. In 155-mm 
guns, the mechanical effects associated mth sliding fatigue represent the dominant crack 
initiation mechanism. 
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