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INTRODUCTION

Universal acceptance of powder metallurgy (P/M) steel
forgings requires attainment of physical and mechanical
properties comparable to conventional steel forgings.
Almost all of these properties can be obtained by the
01051ng of voids normally present in standard P/M parts
in such a manner as to fully densify and achieve a sound
metallurgical bond during forging. Significant lateral
deformation under high forging temperature and pressure
is required to achieve such an effect (ref 1). Full
density P/M steel forgings with tensile and yield strengths
similar to conventional forgings can be easily obtained
under these conditions (ref 2-4). However, equivalent
dynamic properties of ductility, impact, and fatique are
more difficult to achieve.

The major factor affecting these properties is the
nonmetallic inclusions unfavorably distributed throughout
the fully dense P/M structure (ref 5-6). These inclusions
are associated with the surface and internal oxides formed
during the P/M forging process.

Oxidation during the P/M forging process can occur in
three ways:

l. Oxide scale can form on the perform surface;

2. Oxides can form on the internal surface of the
preform, and

3. Selective oxidation of the alloying elements can
occur in the powder and the preform.

Oxide scale, or surface oxides, can form on a preform
during exposure to air either when transferred from a
furnace to a die or when processed in a nonprotective
furnace. When the surface is oxidized in such a manner,
the underlying metal may also be decarburized. Internal
scale, or oxide formation, can take place because the
preform is porous. This tyge of oxidation cam occur when
the hot preforms are expos to air or even in a

"protective"” atmosphere, if proper precautions are not
taken. Proper precautions include maintaining a
sufficiently low dew point, eliminating air leaks into the
furnace, and eliminating condensation in the cooling zone.



Selective oxidation of the alloying elements may occur
at any stage of the entire P/M forging process. Selective
oxidation is defined as the oxidation of alloying elements
in preference to iron, and it may occur during manufacture
of the powder, during sintering of the preform, or during
exposure of the hot preform to air during transfer to the
forging die (ref 7). Elements such as chromium, manganese,
vanadium, boron, and others are much less noble than iron
and will oxidize when the iron will not. When the iron
oxides are subsequently reduced, the oxides of these less
noble metals may not be reduced.

Achievement of acceptable dynamic properties in P/M
forgings requires elimination, or a major reduction, of
the above types of oxides (ref 8 and 9). Approaches used
to achieve this elimination or reduction reflect the
theme of a large body of research in powder metallurgy.
Previous studies have shown that the sintering cycle of the
P/M forging process is the most amendable step to accomplish
this goal (ref 9). Because of the importance of the
sintering cycle, the current investigation was conducted
to establish the effects of sintering environments and
their respective parameters (time, temperature, and dew
point) on P/M steel forged properties. The results
obtained in this study, as with prior years' efforts, will
be used toward developing capabilities in P/M forgings
which meet the unique requirements of military applications.

EXPERIMENTAL PROCEDURE

Commercially available 4600 steel powder was used in

this investigation. The chemical composition of the
powder is shown in table 1 along with the chemical analysis
required by AISI specification for wrought 4600 metal.
The powder was modified (lower manganese, higher molybdenum)
ostensibly to promote processing conditions. Flake graphite
was then added to the powder to obtain a 0.4 percent carbon
content.

The blended powder was compacted into 8.9 cm X 1.9 cm
rectangular bars to a 80 percent theoretical density with
the use of a graphite die, wall-spray lubricant. The
compaction operation was conducted in a closed, confined
die and a Riehle 205,000 kg tensile testing machine.

Spring inserts in the bottom of the die assembly enabled
the compaction operation to simulate a double-acting
press, thus yielding uniform density profiles in the
compacts. The compacted preforms were sintered either
in a vacuum, an argon, or a hydrogen atmgsphere at
temperatures in the range of 1090°C-1315"C for times of



Table 1. Chemical analysis of 4600 prealloyed powder

AISI 4600
Specification Powder
Element % _ %
Carbon r -
Nickel 165 = Z.00 Il 474
Molybdenum 0.2 - 0.3 C.48
Manganese 0.6 - 0.8 0.23
Copper = 0.05
Chromium 2 0.05
Phosphorus - 0.04 Max 0.01
Sulfur 0.04 Max 0.02
Silicon 0.02 - 0.34 0.07
Oxygen e 0.152

10 to 90 minutes. Vaﬁuum sintering was conducted in a Brew
vacuum furnace at 10™%* to 10-2 torr, whereas argon and
hydrogen sintering were preformed in a batch sintering
furnace equipped with a 14 cm X 19 cm X 61 cm Inconel
nuffle. Gas flow-rates of 2800 to 14,000 cc/min were used
for the argon and hydrogen sintering.

After sintering, the heated prefqorms were transferred
directly to a preheated (150°C - 230°C) closed-forging die
and forged at 550MPa to achieve full densification. The
dimensions of the forging die were such that a minimum

amount of lateral deformation occurred during the forging
“operation. The forgings were subsequently austenitized at
843°C for 1/2 hour and tempered at 621°C for one hour to
achieve a Rockwell C 30-33 hardness.

Characterization of the forged specimens included the
determination of oxide content, elengation, reduction in
area, impact energy, and fracture toughness. Metal oxide
content was measured as oxygen by use of vacuum fusion
analysis; elongation and reduction in area was determined
by standard R2 tensile bars (ASTM); and impact testing was
performed on an instrumented impact machine. The load-time
(deflection) curves obtained enabled a determination of
additional information relatedé to yielding, fracture,
ductility, and crack propagation.



RESULTS AND DISCUSSION

Powder

The powder characteristics for the 4600 steel powder
used are shown in table 2. A bimodal particle size dis-
tribution_was found present with an apparent density of
2.99 g/cm® and a flow rate of 25.8 sec. 1Individual powder
particles evaluated by scanning electron microscopy (SEM)
and standard optical metallography are shown in figure 1.
SEM examinations showed that the particles consisted of a
distribution of spherodial to popcorn-like shapes.
Metallographic examinations also showed that the micro-
structure of the particles had a generally uniform grain
size of ASTM No. 12.

Sintering

The residual oxide content in the sintered preform as
a function of gas flow-rate, sintering time, and sintering
temperature was determined in a variety of sintering
atmospheres. Final oxide content was used as the
limiting criteria due to its strong influence on imnpact

Table 2. Characteristics of 4600 prealloyed powder

U.S. Screen si;g_a Sieve analysis, wt%
+80  (180m ) 0.1
-80 +100 4.5
-100 +140 14.5
-140 +200 23.4
-200 +230 7.5
-230 +325 18.7
-325 (44u ) 31.3 ¢
Apparent density b (g/cms) 2.99
Flow rate © (sec) 25.8

djeasured in accordance with ASTM B-214-56.
Measured in accordance with ASTM B-212-48.
Measured in accordance with ASTM B-213-48.
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and ductility properties in P/M forgings. Similar oxide
contents were obtained when the preforms were sintered in
argon and hydrogen. In contrast, vacuum sintering resulted
in preforms with slightly lower oxide contents.

The effect of sintering temperature on final oxygen
content is shown in figure 2. Four preform sintering
temperatures (1040°C, 1090°C, 1150°C, and 1200°C) were
investigated. Because of the added capability of existing
equipment two additional sintering temperatures (1260°c
and 1320°C) were investigated for vacuum sintering. A
sintering time of 40 minutes was used for all sintering
runs, and a gas flow-rate of 8500cc/min was used for
hydrogen and argon. The sintering temperature had a
significant effect on the preform oxygen content. Oxygen
content decreased dramagically as_t+he sintering temperature
was increased from 1040°C +o 1200°C. The oxygen content
was over 1000 ppm at 1040°C, whereas at 1200°C, the oxygen
content was below 200 ppm. Higher sintering temperatures
of 1260°c and 1320°% produced only a gradual reduction in
the oxygen content.

These experiments demonstrated that a variety of
atmospheres can be used during the sintering cycle for
reduction of the oxide content in P/M steel forgings. A
reducing atmosphere, such as hydrogen, is not necessarily
an essential requirement for obtaining low oxygen content
forgings. An inert or vacuum atmosphere can accomplish
similar results. Therefore, reduction of the metal oxides
is basically controlled by two factors. They are:

l. Carbon addition
2. Sintering temperature

Feactions describing this reduction process can then
be written and combined as follows:

2C(s) + 0,(g) —3 2C0(g) (1)
Y
xM(s) + 5—02(9)——>MXOY(S) (2)
and

yC(s) + M 0 (s)=—»yCO(g) + xM(s) (3)
Xy
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A useful means of interpreting the oxide reduction
curves in figure 2 can be accomplished by thermodynamically
analyzing the above equations. The free energy of formation
(A F_) of a metal oxide will determine whether the oxide
will reduce. Since free energy values are dependent upon
temperature, the conditions necessary for reduction will
vary. The Ellingham Free Energy Chart, shown in figure 3,
gives the relative stability of metal oxides as a function
of temperature (ref 10). Knowing the type of oxide to be
reduced and the reducing environment (equation 1) provides
a relatively easy means to predict the temperature necessary
for oxide reduction (equation 3).

The oxides reduced in this study were iron, molybdenum,
nickel, copper, chromium, and manganese. The first
group of oxides (iron, molybdenum, nickel and copper)
represents the bulk of the metal oxides present. These
oxides are relatively easy to reduce and are found in the
upper region (1040°C - 1150°C) of the curves in figure 3.
With the use of the Ellingham Free EFnergy Chart and Equation
3, these oxides can be reduced as low as 815°C. At this
point, the CO{}FO curve crosses the Fe0-AF curve. Above
this temperature, carbon will reduce pure iPon oxide in
contact with pure iron. Since nickel, copper, and molybdenum
are more noble than iron, they will also be reduced at this
temperature. This prediction is made solely on the basis
of thermodynamics. In reality, the kinetics at this 2
temperature are very slow. Temperatures in excess of 1090 C
were required to reduce these oxides in a reasonable amount
of time.

Reduction of the oxides less noble than iron (chromium
and manganese) requires more stringent conditions. Their
free energy curves are much lower than iron and do not cross
the CO-AF_ curve until temperatures of 1240°C and 1410°C,
respective?y, are achieved. Experimentally, however,
reduction of these oxides occurs about 1200 C (ref 11).

This occurs because the metals are alloyed and in dilute
form. Reduction of these oxides is represented by the
lower region (1230°C - 1315°9C) of the curves in figure 3.

In a second set of experiments, the effect of sintering
time on final oxygen content was determined. The results
are shown in figure 4. The preforms were sintered at
1200°C; a flow rate of 8500 cc/min was used in the hydrogen
and argon gas sintering experiments. As shown, the resultant
curves have two levels of oxide reductions. The first, or
initial level, shows a dramatic reduction rate of oxide
content. This corresponds to the reduction of the iron
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oxides and oxides of the metals more noble than iron.
Sintering conditions are such that all these oxides are
easily reduced. The second, or final level, shows a slow
reduction rate of the remaining oxides. Here the metal
oxides less noble than iron are slowly being reduced. The
bulk of these oxides correspond to the manganese oxides
present in the powder.

Another difference noted in the curves is that of the
effect of vacuum sintering. The sintering time is reduced
by one-half (20 minutes instead of 40 minutes) during the
initial level. Two factors account for this discrepancy:
(1) The preheating time necessary to reach 1200°C in a
vacuum system has not been taken into account and (2) high
dissociation pressures of the respective metal oxides are
achieved during vacuum sintering. Either of these factors
could substantially influence the initial sintering time
interval.

In hydrogen and argon sintering, the gas flow-rate is
an additional variable. Gas flow-rates significantly affect
the final preform oxygen content as shown in figure 5. The
effect of flow rates from 2800 to 124,000 cc/min were
evaluated. The preforms were sintered for 40 minutes at
1200°C. As noted from the resultant graph, the final
oxygen content in the preforms is decreased dramatically
when sintered in increasing gas flow-rates. Increasing
the flow rate from 2800cc/min to 14,000 cc/min reduces the
oxygen content by one-half. Lowering of the furnace
atmospheric dew point and the rapid flushing out of the
gaseous oxide products (thus, facilitating the diffusion
of carbon monoxide) account for this decrease.

Properties

Since dynamic properties of P/M steel forgings are
strongly influenced by oxygen and non-metallic inclusion
content, they were used to evaluate the final forgings.
Reduction in area, elongation, and impact energy were
among the dynamic properties determined. The correlation
between the ductility properties and the final oxygen
content is shown in figure 6. Elongation and reduction
in area values show a corresponding increase with decreasing
oxygen content. This interdependence is markedly stronger
in the 300 to 1000 ppm oxygen region. Impact energy data
relating oxygen content to the forging's impact energy
(figure 7) show a similar correlation.

11
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Previous investigators (ref 12) have postulated that
the key to the great influence of the oxygen content on the
impact resistance of quenched and tempered hot-formed P/M
steels is the morphology of the oxides. This morphology
is in turn determined by the type of oxides that are
present. Forgings with a low-oxide content contain
irreducible internal oxides exclusively. These tend to be
rounded, isolated, and well distributed throughout the
P/M forging. On the other hand, forgings with a high-oxide
content possess surface, as well as internal, oxides that
have not been reduced. The unreacted surface -.oxides are
very detrimental to the ductility and impact properties.
They tend to form at the particle boundaries during
sintering, thereby acting as a kind of perforation in the
structure and form an easy path for crack initiation and
propagation.

Since fracture toughness is an indication of inhomo-
geneous defects within a structure, fracture toughness
values as a function of oxygen content in the forging were
also determined. Measurable parameters from test records
of instrumented Charpy impact tests were used with equations
available in the literature (ref 13 and 14) and reduced to
toughness values. Typical load-load point displacement
curves for various oxygen levels are shown in figure 8.
The type of curves obtained for P/M steel forgings with
high oxygen contents (789 to 1300 ppm) are represented
in figures a, b, and ¢. For these samples, fracture
toughness values were determined with the use of the
following equations:

K = 2ZPm (4)
e 1/2
2 = 1.5Y%2 a (5)
bw2
a a) 2 a)3 a)’
Y = 1.93-3.07 w+l4.53 \w -25.11 \w/ +25.8 \w (6)
where K = fracture toughness (MPaV m)
Q
Z = constant
Py, = maximum load (MPa)
2 = span length (m)
b = specimen width (m)
w = thickness (m)
a = total crack length (m)

15



d. 600 ppm e. 344 ppm f. 255 ppm
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-

Jigare 8. Load-time displacement curves for P/M steel
forgings containing various amounts of oxides.
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This approach is considered to be the most representative
of plane-strain conditions since failure has occurred
before material yielding. The calculated fracture toughness
values for these specimens as a function of their oxide content
is shown in table 3. As expected, a corresponding decrease
in Ky with increasing oxide content is exhibited. Overall,
a brittle fracture mode of behavior followed by shear lip
formation was indicative for these forgings. The amount of
energy required for brittle fracture (Wp), determined from
figure 9, was directly related to the oxide content with
early failure associated with forgings containing higher
oxides.

Typical fracture curves for P/M steel forgings with
low oxygen contents (255 to 600 ppm) are represented in
figure 8d, e, and £f. In these instances, the maximum load
is no longer a valid criteria for obtaining plane-strain
fracture toughness values since fracture occurs after
general yielding and a departure from the linear theory of
elasticity occurs. Therefore, the approach used by Wells
(ref 15) relating strain energy to crack-opening displace-
ment was employed to calculate fracture toughness values.
The equations used in these cases were as follows:

K, = (G B)1/? (7)
G, = cop 6y (8)
CoOb = LPD d (9)
L /2
where
KQ = fracture toughness (MPa\/;B
G, = critical strain energy release rate (MPa-m)

Table 3. Fracture toughness of high oxide content P/M
steel forgings

Oxygen Wp K
(ppm) (joules) (MPQVQS
789 5 98
1030 10.6 89
1330 7.9 87

17



Wp = crack initiation energy

We = crack propagation energy

=
n
[

= shear lip energy
brittle fracture energy

=
1]
n

.
42?6/ We
Y we
Wep=Wp+Weo

Load

pre——

Time
1

Figure 9. An idealized load-time trace for an impacted charpy V-notch specimen.
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Table 4. Fracture toughness of low oxide content P/M
steel forgings

Oxygen W W W K
(ppm) (jo%les) (jouies) (jouEes) (MPaQJZS
225 11.4 14.4 25.8 142
344 10.2 11.7 21.9 134
600 8.5 4.6 13.1 126

E = elastic modulus (MPa)
COD = crack opening displacement (m)
6y = yield strength (MPa)
ILPD = 1load point displacement (m)

2 = span length (m)

d = depth of axis of rotation (m)

The resultant fracture toughness values as a function of

the oxygen contents are shown in table 4. As seen in

table 3, a similar trend is noted here. Increasing the
oxygen content of the forging results in a decrease in the
fracture toughness value. The major difference noted in
table 3 forgings and table 4 forgings is the magnitude

of K The additional ductility, as noted from the fracture
curves for the low-oxygen content forgings, substantially
increases the fracture toughness values. The amount of
ductility associated with these forgings can best be seen
when the unstable crack propagation energles (Wo) , determined
from figure 9, are compared. These energies 1ncrease pro-
portionally with decreasing oxygen contents. Values range
from 4.6 joules for 600 ppm oxide forgings up to 14.4

joules at the 255 ppm level. A similar trend is noted for
the crack-initiation energies (WI)r calculated from

figure ¢, for these forgings.

Fracture of the low-oxide forgings can be classified
into two distinct types: (1) brittle and (2) ductile.
Forgings with oxygen contents above 600 ppm fractured with
stable crack propagation, followed by unstable brittle
fracture. On the other hand, forgings with lower oxide
contents suggest a ductile type of fracture. Here stable
crack propagation followed by fracture indicative of shear
lip formation was evident. Therefore, a ductile/brittle
fracture transition for P/M steel forgings is between 600
and 800 ppm oxide content. The relationship between
oxygen content and fracture energy of P/M steel forgings
is shown in figure 10. Extrapolation of the resultant
curve shows that the ductile/brittle transition is
approximately 650 ppm oxygen.

19
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CONCLUSIONS

Military Specification MIL-F-45961 (see Appendix)
covers forged metal parts fabricated from 4600 modified,
prealloyed powder plus blended carbon. The successful
application of the powder metallurgy forging process to -
ordnance components depends on meeting the property require-
ments of this specification. The results of this study
have shown that only through careful control of the final
oxide content can acceptable dynamic properties be obtained.
The final oxide content is in turn determined by the
sintering step of the P/M forging process. Most of the
harmful oxides can be reduced at 1200°c under a variety
of sintering atmgospheres (reducing, inert, or vacuum)
provided the furnace dew point is sufficiently low for
thermodynamic stability. The oxide content of manganese is
quite difficult to reduce below 1200°C and can adversely
affect the P/M steel forging properties. Sintering at
higher temperatures (1260°C and 1315°C) over a longer
period of time can substantially reduce the amount of these
oxides. However, operational and equipment costs for this
type of sintering process can be quite expensive.

The fracture behavior of P/M steel forgings is also
dependent upon the oxide content. Hich-oxide forgings
fracture in a brittle manner and have low fracture toughness
values. Low-oxide forgings fracture in a ductile manner
and have characteristically higher fracture toughness
values. A ductile/brittle fracture critericn dependent
upon oxide content in P/M forgings has been postulated.
Ductile fracture predominates when the oxide content is
below 650 ppm, whereas brittle fracture prevails when the
oxide content is above 650 ppm.

FUTURE WORK

Future efforts will be directed toward establishing
the influence of surface porosity and preform density on
the mechanical properties of parts forged from prealloyed
4600 steel powder. Variables to be investigated in the
surface porosity study will include die temperature,
forging pressure, and lateral deformation. Fatigue/
surface porosity relationships will be determined by use
of controlled surface porosity forgings and fracture
mechanics. The preform density investigation will include
novel alternate preforming operations such as loose-bag or
"pack-sintering" compaction. The effect of preform
density will be determined on the basis of the forging's
final density, impact energy, and homogeneity, and purity
of microstructure.

21



10.

REFERENCES

M. J. Koczak, C. L. Downey, and H. A. Kuhn, NStruekture/
Property Correlations of Aluminum and Nickel Steel
Preform Forgings," Powder Metallurgy International,
Vol. 6, No. 1, 1974, p 13-16.

G. W. Cull, "Mechanical and Metallurgical Properties
of Powder Forgings," Powder Metallurgy, Vol. 13, No.
26, 1970, p 156-164.

F. T. Lally, I. J. Toth, and J. DiBenedetto, "Forged
Metal Powder Products," SWERR-TR-72-51, Rock Island
Arsenal, Rock Island, IL, August 1972.

G. T. Brown and T. B. Smith, "The Relevance of
Traditional Materials Specifications to Powder Metal
Products," Modern Developments in Powder Metallurqgy,
Plenum Press, NY, 1974, Vol. 7, p 9-31.

H. A. Kuhn, M. M. Hagerty, H. L. Gaigher, and

A. Lawley, "Deformation Characteristics of Iron-Powder
Compacts,” Modern Developments in Powder Metallurgy,
Plenum Press, NY, 1971, Vol. 4, p 463-473.

A. Joshi, J. Wildermuth, and D. G. Stein, "Effect of
Impurity Elements on the Properties of Iron P/M
Compacts," The International Journal of Powder
Metallurgy and Powder Technology, Vol. 11, No. 2, 1975,
p 137-142,

J. P. Cook, Oxidation, Reduction, and Decarburization
of Metal Powder Preforms, Hoeganaes Corporation,
Riverton, NJ 1972.

A. Crowson and F. E. Anderson, "Properties of Powder
Metallurgy Steel Forgings," presented at 1977 National
Powder Metallurgy Conference, 1977, in press.

R. M. Pilliar, W. J. Bratina, and J. T. McCrath,
"Fracture Toughness Evaluation of Powder-Forged Parts,"
Modern Developments in Powder Metallurgy, Plenum Press,
NY, 1974, Vol. 7, p 51-72.

C. Durdaller, Furnace Atmospheres, Hoeganaes Corporation,
Riverton, NJ 1971.

22



11.

1.2

13.

14.

15.

P. Lindskog, Unpublished Research, Hoganas AB.

P. Lindskog and S. E. Grek, "Reduction of Oxide
Inclusions in Powder Preforms Prior to Hot Forming,"
Modern Developments in Powder Metallurgy, Vol. 7
1973, p 185-301.

14

D. R. Ireland, "Dynamic Properties of Superailoys at
Elevated Temperatures,"” work conducted under WECOM
Contract DAAF03-71-C-0016, March 1971.

R. A. Wullaert, "Applications of the Instrumented
Charpy Impact Test," Impact Testing of Metals, ASTM
STP466, American Society for Testing and Materials,
1970, p 148-164.

A. A. Wells, "Application of Fracture Mechanics at

and Beyond General Yielding," British Welding Journal,

November, 1963.

2.3



APPENDIX. MILITARY SPECIFICATION (MIL-F-45961)
FORGINGS, PREALLOYED STEEL POWDER

This specification is approved for use by all
Departments and Agencies of the Department of
Defense.

Scope

This specification covers forged metal powder parts
fabricated from 4600 (Modified) prealloyed powder plus
blended carbon.

Applicable Documents

The following documents, of the issue in effect on date
of invitation for bids or request for proposal, form a part
of this specification to the extent specified herein.

Standards
Federal
Fed. Test Method Std. No. 151 - Metals; Test Methods
Arerican Society for Testing and Materials
ASTM Standard Test Method B-328

(Copies of specifications, standards, drawings and
publications required by suppliers in connection with
specific procurement functions should be obtained from the
procuring activity or as directed by the contracting
officer.)

Requirements

Chemical composition. The forged metal powder parts,
and the mechanical test specimens, shall conform to the
requirements of Table A-1l. The parts and test specimens
shall be fabricated from 4600 (Modified) pre-alloyed
powder plus blended carbon.



Table A-1, Chemical composition

Element Analysis (Percent)
Carbon 0.38 - 0.43
Nickel 1.65 - 2.00
Molybdenum 0.4 - 0.6
Manganese 0.15 - 0.30
Phosphorus 0.04 (max.)
Sulfur 0.04 (max.)
Oxygen 0.030 (max.)
Silicon 0.35 (max.)

Mechanical Properties

The mechanical properties, at room temperature, of
the austenitized, quenched, and tempered test specimens
representing the metal powder parts shall conform to
Table A-2,

Table A-2, Mechanical properties (minimum)

Yield Tensile Elong- Reduction Impact
Strengthl Strength ation? of area Strength3 4 Hardnesss
(ksi) (ksi) (Percent) (Percent).  (Ft. 1bs.) (Rockwell-C)
110 . 130 10.0 35.0 25 @ +72°F 30-33
8 @ -70°F

L 0.2% offset

2, g gage length

3. Charpy V-notch

g* Specified temperatures have a tolerance range of +2°F

» Although the drawing or requirement for a particular
part may specify different hardness levels, the test
specimens, and only the test specimens, shall be heat
treated to the hardness specified in this table.

Density
The density of the parts and the test specimens

shall be at least 7.81 g/cc. The density of sample
specimens taken from the part shall be at least 7.80 g/cc.
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Decarburization

Unless otherwise specified, surface decarburization,
total and partial, of the parts and the test specimens shall
not exceed 0.001 inch.

Microstructure

The microstructure of the quenched and tempered
parts and test specimens shall be the same and exhibit
homogeneity equal to or better than figure A-l1. Figure A-2
is a representative example of unacceptable microstructure.

o
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Figure a-1. Etchant: 27% Nital , Mag: 100X
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Figure pA~2, Etchant: 2% Nital. Mag: 100X
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