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of cracks normal to the hoop and axial directions, with mean depths of 0.23 and 0.46 mm, respectively. 

!Time-temperature-depth profiles for the firing cycle were derived via bi-material finite difference analysis of a semi-infinite solid which 
I incorporated cannon combustion gas temperatures and material properties that vary as a function of temperature. The temperature and depth 
^associated with the steel transformation were used to solve iteratively for the convective heat transfer coefficient. This value was further 
^confirmed by the depths of chromium recrystalization and of the crack arrays in the two orientations. A profile of maximum temperature versus 
idepth is used to determine the near-bore applied and residual stress distributions within the tube. The measured volume change of steel 
; transformation is used to determine an upper limit on applied and residual stresses. These stresses are used to determine crack-tip stress intensity 
: factors for the observed crack arrays and hence provide some explanation for the differential depths of cracking. 

'The near-bore temperature and residual stress distributions are used to help determine the cause of hydrogen cracking and measures to prevent 
[cracking. Compressive yielding due to thermal loading produces near-bore tensile residual stresses and thereby causes hydrogen cracking. 
(Prevention of cracking is discussed in relationship to hydrogen crack growth rate tests of alternative alloys and coatings. 
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ABSTRACT 
Investigation of environmental cracking of a 1100 MPa yield 

strength A723 steel cannon tube subjected to prototype firings is 
described. Metallographic results show cracking of the steel beneath a 
0.12 mm protective layer of chromium. Cracks undermine and remove 
sections of chromium and lead to localized erosion that ruins the 
cannon. Key features of the firing thermal damage and cracking are: 

[i]   recrystalization of the chromium to a depth of up to 0.08 mm; 
[ii] steel transformation to 0.19 mm below the chrome surface; 
[iii] two different periodic arrays of cracks normal to the hoop and 

axial directions, with mean depths of 0.23 and 0.46 mm, respectively. 
Time-temperature-depth profiles for the firing cycle were derived 

via bi-matenal finite difference analysis of a semi-infinite solid which 
incorporated cannon combustion gas temperatures and material 
properties that vary as a function of temperature. The temperature and 
depth associated with the steel transformation were used to solve 
iteratively for the convective heat transfer coefficient. This value was 
further confirmed by the depths of chromium recrystalization and of 
the crack arrays in the two orientations. A profile of maximum 
temperature versus depth is used to determine the near-bore applied 
and residual stress distributions within the tube. The measured volume 
change of steel transformation is used to determine an upper limit on 
applied and residual stresses. These stresses are used to determine 
crack-tip stress intensity factors for the observed crack arrays and 
hence provide some explanation for the differential depths of cracking. 

The near-bore temperature and residual stress distributions are used 
to help determine the cause of hydrogen cracking and measures to 
prevent cracking. Compressive yielding due to thermal loading 
produces near-bore tensile residual stresses and thereby causes 
hydrogen cracking. Prevention of cracking is discussed in relationship 
to hydrogen crack growth rate tests of alternative alloys and coatings. 

INTRODUCTION 
There is always interest in increasing the firing pressure of a cannon, 
in order to produce higher projectile velocity and range.  The higher 

pressure is naturally accompanied by higher temperature, which 
causes increased problems with cannon tube materials. This 
progression of problems related to increasing cannon firing pressure 
and temperature is the general topic of this paper. The specific 
example problem discussed here arose from the prototype firing of a 
cannon with the high firing pressure typical of modern cannon, 
(Underwood and Parker, 1995), but with an unusually high propellant 
gas temperature which caused unexpectedly severe problems with the 
cannon tube bore surface. The cannon firing conditions will be 
described, within proprietary limits, and the cannon material 
degradation will be used to guide an investigation of temperature and 
stress distributions and associated arrays of cracks observed in the 
near-bore region of the cannon tube. In complementary work to this 
paper (Parker, 1998) one of the present authors proposes a model that 
relates edge-crack depth to crack spacing in a variety of physical 
situations which involve a relatively thin surface layer containing 
tensile residual stress. This model will be used in this current work to 
describe the important depth and spacing of crack arrays in metal 
surfaces exposed to the high cannon firing temperatures. 

NOMENCLATURE 
c specific heat at constant pressure (J/kg.K) 
d distance between edge cracks 
E Young's modulus 
h convection heat transfer coefficient (W/m2.K) 
K crack tip stress intensity factor (MPam"''4) 
k thermal conductivity (W/m.K) 
T absolute temperature (K) 
t time (sees) 
x distance from free surface (mm) 
a thermal diffusivity (mVsec) 
a* coefficient of thermal expansion (m/m.K) 
v Poisson's ratio 
a direct stress (MPa) 



OBSERVATIONS 
The cannon tube that experienced problems due to high firing 

temperatures was the same type as that described in Underwood and 
Parker (1995). It has an inner radius, R„ of 60 mm, an outer radius, 
R„ of 135 mm, and is made from ASTM A723 steel with yield 
strength of 1100 MPa. During manufacture, the tube was overstrained 
to the extent that plastic deformation proceeded 50% through the tube 
wall thickness. Near the tube bore, the compressive residual stresses 
in the circumferential direction produced by the 50% overstain are 
about half of the material yield strength, (Parker and Underwood, 
1998). These residual stresses may have an important effect on the 
observed crack arrays, discussed in upcoming sections. The tube has a 
0.12 mm thick layer of electro-deposited chromium on its inner 
surface which also plays an integral role in the crack arrays. The tube 
experienced forty prototype firings with a maximum propellant 
combustion gas temperature estimated to be 3550°C. The thermal 
damage and cracking observed near the tube bore are discussed next, 
with details of the temperature distribution in the tube wall in an 
upcoming section. 

Figure 1 shows two metallographic sections of samples cut from 
the cannon tube at the same location. These sections show both the 
general configuration of the near-bore region of the tube and many of 
the details of the thermal and cracking damage that occurred as a result 
of firing. The 0.12 mm thick chromium layer (at the top of the 
photos) has a similar array of cracks in two orientations, with cracks 
normal to both the circumferential direction, Fig. l[a], and axial 
direction. Fig. l[b]. The cracks in the chromium often extend into the 
steel, and those that do are the dominant cracks of primary interest. Of 
particular interest is the observation that dominant L-R orientation 
cracks. Fig. l[b], (in the plane normal to the longitudinal direction, 
extending in the radial direction) extend significantly further into the 
steel than do the dominant C-R cracks, Fig. l[a]. The cracks in the 
Fig.l photos show this difference in depth, and the difference was 
found consistently in several other locations, as summarized in Table 
1. The L-R cracks were typically twice as deep as C-R cracks, and the 
spacing of L-R cracks was more than three times that of C-R cracks. 
These differences may relate to the cause of cracking, so they beg 
investigation, particularly considering the facts that the deeper cracks 
are normal to the longitudinal direction which has no applied stress 
and the shallower cracks are normal to the circumferential direction 
which has significant tensile applied stress. This indicates that applied 
stresses do not control the observed cracking as is usually the case 
with cannons and other pressure vessels. The prime candidates for 
such control appear to be the residual stresses or some anisotropic 
behaviour of the material. 
Other features to note in Fig. 1 are the following: [i] Evidence of a 
thermally induced transformation of steel at an average depth of 0.19 
mm is particularly clear in Fig. 1(a), whose sample was etched to 
reveal the steel microstructure. The transformation from austenite to 
martensite occurs at about 750°C for the low alloy steel of interest here 
(Thornton and Colangelo, 1985). [ii] Indications of recrystalization of 
chromium at an average depth of 0.08 mm can be seen in Fig. 1(b), 
whose sample was etched to reveal the chromium microstructure. 
Chromium is quite nobel, so the indications are not strong, but they 
are clear in the original photograpruThe recrystalization of chromium 
was found by Marcinkowski (1959) to be complete at 1050°C. 

TABLE 1 - Observations from metallographic 
sections of a fired cannon 

Depth of Chrome 
Recrystalization 

Depth of Steel 
Transformation 

0.08 mm 0.19 mm 

Depth and Spacing 
of C-R Cracks 

Depth and Spacing 
of L-R Cracks 

depth:   0.23 mm 
spacing: 0.24 mm 

depth:    0.46 mm 
spacing:  0.80 mm 

The microhardness indications in Fig 1(a) give further evidence of 
recrystalization; note that the chromium is softer than the unaffected 
steel, whereas as-plated chromium is known to be significantly harder 
than 1100 MPa yield strength steel. Thus it appears that the chromium 
has softened due to recrystalization. 

Consequences of the thermal damage and cracking in the near-bore 
region of the tube are shown in Fig. 2. The overall damage process is 
the following. Cracks in the steel under the chromium link up, 
undermine and remove a section of chromium, and leave an area of 
direct contact between hot combustion gasses and steel. The lower 
melting temperature of steel combined with greatly increased 
convective heating near the missing section of chromium cause very 
rapid erosion pits and grooves, as shown in Fig. 2. The rapid erosion 
ruins the cannon tube, both by decreasing the fatigue life as 
considered in prior work (Underwood and Parker, 1995), and by 
affecting the projectile trajectory and velocity. 

These observations are used in upcoming sections to develop a 
predictive model of near-bore thermal damage and cracking. In 
particular, the characteristic depths of the steel transformation and 
chromium recrystalization and the depths and spacing of the two 
different crack arrays are used to develop and confirm a 
thermomechanical model of near-bore damage that can be used to 
avoid some the severe consequences of firing damage in cannons. 

NEAR-BORE TEMPERATURES 
There is clear evidence that the nature of cracking during the first 

few firings of a gun tube is independent of local surface geometry. In 
prior results from the literature for a rifled gun tube the depth and 
spacing of cracking is the same in the land (the protruding sector of 
the rifling which imparts spin to the projectile) and its neighboring 
groove, (Gough and Morrison, 1984). In the case here, with no rifling, 
the crack depth and spacing are at least two orders of magnitude 
smaller than the wall thickness. It is therefore appropriate to model the 
materials as being of flat, semi-infinite extent, Fig. 3, consisting of a 
surface layer of chromium 0.12mm thick attached to a semi-infinite 
plate of steel. 

During firing heat is applied for a brief period and is transmitted to 
the metals by a convective mechanism. Employing a standard analysis, 
(Incropea and DeWitt, 1985), the governing partial differential 
equation, based upon a single spatial coordinate, is: 

dx2 O) 
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Figure 1: Polished and Etched Sections from Near-Bore Region of a Cannon Following Forty Prototype 
Firings, 100X; (a) section showing C-R cracks, the steel microstructure and microhardness indentations; 
(b) section showing L-R cracks and the chromium microstructure. 

Circumferential 
Stress 

< --> 

Fj^wre 2 : Polished and Etched Sections from Near-Bore Region of a Cannon Following Forty Prototype 
Firings, 100X; section showing C-R cracks, the steel microstructure and the start of rapid erosion. 



where T is absolute temperature, t is time, oc is thermal diffusivity and 
x is the distance from the free surface. 

The above equation may be solved analytically for a.certain set of 
problems, and numerically for others. Solution of equation (1) requires 
an initial  condition  and two boundary conditions.  Examples of 

' analytical solutions for three cases are given in section 5.7 of Incropea 
and beWitt (1985). 

TABLE 2 : Thermal Properties of Metallic Materials Used in 
Finite Difference Procedure (T in Degrees Centigrade) 

STEEL: 

CHROMIUM : 

k = 34.0 
a = 2.85E-6T2 - 7.03E-3T + 9.89 

k = 1.26E-5T2 - 4.75E-2T + 94.4 
a = 6.72E-6T2 - 2.40E-2T + 29.3 

Wöd^tOiOBmrrf 

Figure 3 : Semi-Infinite Plate Representation and Location of 
Finite Difference Nodes 

The important physical properties of the various media are: k , 
thermal conductivity (W/m.K); h, convection heat transfer coefficient 
(W/nr.K); c , specific heat at constant pressure (J/kg.K.) and a, 
thermal diffusivity (nr/second) where a = k/cF . 

Equation (1) permits use of the explicit finite difference method via 
central-difference approximations, see Incropea and DeWitt (1985), 
section 5.9. This requires discretization in space (Ax) and in time (At) 
such' that the stability criterion for the case of a single spatial 
dimension with a free surface is satisfied, namely: 

aAt 

(Ax): {i T   k   J - 2 (2) 

Numerical results presented herein were obtained using the above 
procedure. Typically Ax= 0.04mm (surface), 0.08mm (elsewhere) and 
At = 0.000[seconds with up to 25 nodes and 300 timesteps. The 
procedure incorporated material properties in both chromium and steel 
and permitted variation of such properties with temperature. Material 
properties and their variation with temperature are presented in Table 
2. These represent best available information from Incropea and 
DeWitt (1985) and Dunn et al. (1995), but significant variations in the 
properties produced relatively minor shifts in derived maximum 
temperature profiles. 

The crucial unknown parameter is h, the convection heat transfer 
coefficient; h = 0 is equivalent to perfect insulation, h = °° is 
equivalent to full transfer of the maximum convective fluid 
temperature at the free surface. The range of h for gun tubes is 
potentially extremely large, (Fisher, 1996). h values in the range 10s to 
106 W/m2.K are indicated. The usual procedure for determination of an 
average, usable h value is a detailed thermo-fluids analysis, Dunn et 
al. (1995), and cross-correlation by experimental verification which 
normally involves the positioning of thermocouples as close as 
possible to the bore surface. This procedure, which involves drilling 
holes through the wall is difficult and can, in itself, potentially 
produce fluctuations which affect the desired measurements. 

In order to circumvent such complexities and to obtain h values 
which are immediately usable, the experimental micrograph data, Figs. 
1 and 2, were used. As mentioned previously, there is clear evidence 
of a transformation which extends to a total of 0.19mm below the free 
surface, i.e. 0.07mm below the chromium. Such a phase change occurs 
at a temperature of about 750°C and the boundary therefore indicates 
the maximum extent of the 750°C heating contour during the firing 
cycle. 

This information together with the known maximum gas 
temperature (3550°C) and the gas temperature profile during the time 
of firing (0.015sec), (Sopok et al. (1997), makes it straightforward, 
iteratively, to solve for h such that the 750°C contour reaches the 
observed depth. Fig. 4 shows the Temperature-Time-Depth Profile; 
this indicates that a maximum temperature of 750°C is achieved at the 
required depth of 0.19mm with an h value of 198,000 W/m2.K. 

It is more useful, for subsequent analysis, to present the data of Fig. 
4 in terms of maximum temperature versus depth. This is shown, for 
the case h = 198,000, as a single line in Fig. 5. Clearly it is a 
straightforward procedure to produce additional lines, each one 
relating to a different h value. Also shown in Fig. 5 are [i] the steel 
transformation point (750°C at 0.19mm depth) and the recrystalization 
point within the chromium (1050°C at 0.08mm depth) and [ii] inferred 
temperatures at the depth of maximum cracking for the C-R cracks 
and the L-R cracks using an accepted approximate stress intensity 
calculation described later. 

NEAR-BORE THERMAL EXPANSION AND PHASE-CHANGE 
EFFECTS 

The relationship between thermal expansion and phase changes for 
the steel under consideration should be straightforward, however 
within the literature there are examples of misunderstanding and of 
analytical predictions which do not match experimental evidence. It 
may therefore be of some value to list the major features and to point 
out a surprising result. Fig. 6 shows the results of detailed dilatometer 



measurements by Cote and co-workers, reported in Thornton and 
Colangelo (1985), for the steel of concern. 

a. During initial heating the steel expands linearly with temperature 
to point A. Over this range the coefficient of thermal expansion is the 
familiar one for steel, namely 12xl0"V°C. 

b. At point A the phase-change to Austenite begins and the material 
contracts to point B, whereupon it resumes its expansion with 
temperature at a higher coefficient of thermal expansion. (Note: For 
firing of a cannon the full cycling of all material from A to B only 
occurs after a given number of thermal cycles. However for the 
purposes of this analysis it is sufficient to assume that such behavior is 
established. 

c. During cooling the steel contracts at the higher rate until it 
reaches Ms, the Martensite transition temperature. 

Note the following significant details: 
♦ The Austenite phase change commences at 750°C and is 

complete at 790°C, 
♦ The increase in length between A and C (880°C) is less than or 

equal to zero, 
♦ The change in length for the complete cycle 0 - A - B - C (and 

beyond) - Ms - 0 is zero 
♦ The change in length between points A and B and between Ms 

and 0 is much less than the predicted 1.4% resulting from an 
analysis based upon changes in lattice parameters, (Reed-Hill, 
1964). However Cote's results are supported by independent 
experimental studies of a similar low-alloy steel, (Hehmann, 
1968). 

NEAR-BORE STRESSES 
In predicting the near-bore residual stresses resulting from the 

heating and cooling process it may be necessary to account for a 
variety of effects, e.g. : 

♦ The initial residual stresses prior to heating (autofrettage 
including Bauschinger Effect) 

♦ The compressive stresses produced by the thermal profile 
♦ The onset and extent of compressive yielding due to thermal 

loading 
♦ The tensile contribution on cooling 
♦ The contribution of phase-change effects to stresses during 

heating and cooling 
♦ The possibility of yielding in tension together with the impact 

of subsequent crack development upon such yielding during 
subsequent firing cycles 

♦ The possibility that residual stresses produced in the 
chromium during plating will affect the stresses in the adjacent 
steel and its cracking behavior 

Potentially the above interactions are extremely complex. To 
permit further analysis we make the following pragmatic assumptions: 

a. That for a tube which has undergone more than 40% autofrettage 
there is already reversed yielding in compression at the bore as a result 
of the Bauschinger effect. This extends throughout the region of 
interest at a level of 0.38 times uniaxial yield strength for the hoop 
direction which in turn generate 0.114 (i.e. 0.38 x Poisson's ratio) 
times uniaxial yield strength for the axial direction. 

b. That the yield strength of the material in compression resulting 
from near-bore high temperatures will be a function of those 
temperatures and should be taken into account in assessing the onset 
of compressive yielding if it is of smaller magnitude than the 
Bauschinger affected yield strength. 

c. That the cooling process produces biaxial tensile stresses at 
near-bore locations which can be superimposed elastically upon those 
in (a) and/or (b). These stresses are given by 

o(x) = [Ea*AT(x)]/[\-v]       (3) 

where a* is coefficient of thermal expansion in m/m.°C, v is Poisson's 
ratio and the [1-v] term arises from the biaxial nature of the thermal 

field. 
Thus far the temperature-profile calculations have differentiated 

between properties of steel and chromium. In the stress calculations 
steel properties are assumed for the chromium layer. For a variety of 
reasons this assumption is unlikely to influence the desired stress 
intensity calculations for cracks within the steel. The reasons include; 
the intense, multiple pre-cracked nature of the chromium and the 
sensitivity of the stress intensity calculations to stress at prospective 
crack tip location (within the steel) and of crack spacing rather than 
crack depth. 

Fig. 7 shows these predicted residual stress profiles for hoop and 
axial directions. The curve which increases monotonically to the bore 
ignores phase-change effects. Phase-change effects can be 
approximated based on the fact (in Fig. 5) that none of the steel 
exceeds 880°C at any time. Thus the maximum change in length will 
be that associated with 750°C within the range 750°C to 880°C, Fig. 6. 
This serves to limit the resulting residual stresses as shown in Fig. 7. 

No attempt has been made to limit residual tensile stresses at the 
yield strength value. There are two reasons for this decision. First the 
subsequent calculation of stress intensity, dominated as it is by stress 
at the prospective location of the crack tip, is relatively insensitive to 
the very-near-bore stresses that may exceed yield. Second, as cracks 
appear they serve to reduce the constraint in the very-near-bore region 
and thus reduce the extent of any yielding in tension. 

The residual stresses taking account of phase-change limits shown 
in Fig. 7 were used to calculate the crack tip stress intensity factors, K, 
presented in Fig. 8. The method used to obtain K is of extremely high 
accuracy (errors < 0.5%) and involves the modified mapping 
collocation technique, (Andrasic and Parker, 1984) packaged as 
weight function data (Andrasic and Parker, 1982). It is possible to 
apply approximate bounds to these solutions, (Parker, 1998), using the 
stress normal to the prospective crack line at the location of the 
prospective crack tip, o*. In the case of very short cracks 
K= 1.12o * Jnä where a is crack depth, whereas when the cracks 

are much deeper K = G* JB where 2d is the crack spacing. This 
latter form was used to obtain the approximate temperatures for each 
of the crack depths presented in Fig. 5. However it is necessary to 
repeat the caveat in Parker (1998); this approximation may not be 
sufficiently accurate in regions of high stress gradients as occurs in 
this case. 

Two curves are shown in Fig. 8, [i] that relating to the deepest 
(L-R) cracks, spacing 0.8mm [ii] that relating to the shallower (C-R) 
cracks, spacing 0.24mm.  A typically observed threshold for the 
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relatively rapid hydrogen cracking observed in cannon tubes, 23 
MPam'", (Vigilante et al., 1997) is shown as a horizontal line. 

plastic strain in the relevant planes which may influence stress 
corrosion cracking rate and/or threshold value. 

SUMMARY AND CONCLUSIONS 

Results from Analysis 
The stress intensity calculations relating to the two observed 

spacings for C-R and L-R cracks shown in Fig. 8 provide convincing 
indications that the observed depth of cracking is related closely to a 
K.SCC threshold value of around 23 MPam14 and this value, in turn, is 
consistent with experimental observations of Vigilante et al. (1997). 

Less obvious is the reason why the L-R cracks, which initially 
followed an almost identical K versus depth profile to the C-R cracks, 
'elected' to increase their spacing, and hence their K values, to follow 
the upper (L-R) curve of Fig. 8. Inspection of Fig. 7 which shows the 
autofrettage stress field into which the cracks are proceeding, indicates 
that the C-R cracks are moving towards a more compressive stress 
regime. However, this effect is subtle at the depths of interest here and 
may not provide a complete explanation. 

In recent work, still under way, it has been noted that the 
magnitude of prior plastic strain on the two planes of interest here is 
strongly influenced by the autofrettage process itself, whether 
hydraulic or swage. Thus another, possibly complementary, 
explanation for the differential crack depths is the amount of prior 

Cause and Prevention of Cracking 
The nature of the observed cracking (Figs. 1-2), combined with our 

experience of hydrogen cracking in cannon subjected to somewhat 
similar firing conditions (Sopok et al., 1997; Vigilante et al., 1997), 
indicated that hydrogen cracking had indeed occurred in this cannon 
tube. Of the three broadly accepted requirements for environmental 
cracking - an aggressive environment, a susceptible material, and a 
sustained tensile stress - the former two elements must be considered 
to be always present in cannon firing. Hydrogen is generally present in 
cannon propellant combustion gasses, and HOOMPa yield strength 
A723 steel is clearly susceptible to hydrogen cracking (Sopok et al., 
1997; Vigilante et al., 1997). Therefore the cause of cracking here 
must be related to a significantly increased presence of sustained 
tensile stress, as explained by the results summarized in Figs. 5 and 7. 
The calculated near-bore temperatures, in agreement with 
metallurgical and cracking evidence (Fig. 4), produce compressive 
yielding and resultant tensile residual stresses well below the 0.12mm 
depth of the chromium layer (Fig. 7). These tensile stresses, at 
significantly greater depth and higher magnitude than in prior cannon 
firing experience, are the cause of the hydrogen cracking. 

Prevention of this type of hydrogen cracking in cannon is not easy, 
considering the accepted requirements for cracking discussed earlier. 
Elimination of the hydrogen environment or replacement of the A723 
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Figure 8: Stress Intensity Factors for C-R and L-R Cracks Based Upon Observed Crack Spacing 



steel would be a major design change, and reducing the firing 
temperature affects cannon function, as discussed earlier Two types of 
preventive measure that have some promise are [i] providing an 
improved physical and chemical barrier to the hydrogen or [ii] 
providing an improved thermal barrier to the hot gasses. An interlayer 
of electrodeposited nickel between the chromium and steel would be 
an effective hydrogen barrier and is under investigation by the present 
authors. A coating of increased thickness or decreased thermal 
conductivity would improve the thermal barrier and thereby reduce the 
level of tensile residual stress that causes cracking. 
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