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EFFECT OF BORON ON THE DUCTILITY AND STRENGTH OF INCONEL 600 
AND TYPES 304 AND 316 STAINLESS STEEL AT 

HOT METAIWORKING TEMPERATURES 

A. K. Chakraborty,1 C.K.H. BuBose, and W. R. Martin 

ABSTRACT 

Inconel 600 and types 304- and 316 stainless steel 
containing 0.0005 to 0.02$ B were tensile tested at 900 to 
1300°C. Boron had little effect on Inconel 600, but the 
stainless steels were weakened somewhat at higher tempera-
tures for the higher boron contents. All alloys lost 
ductility at the highest temperatures for the higher boron 
concentrations. 

INTRODUCTION 

Austenitic iron-base types 304 and 316 stainless steel and nickel-
base Inconel 600 alloys have many elevated-temperature applications. 
Addition of less than 0.01 wt $ B to these steels improves the stress 
rupture properties.2 Finely dispersed particles in the form of borides 
or boron carbides may improve the high-temperature mechanical properties 
of these steels. However, no quantitative analysis of the elevated-
temperature ductility or tensile strength as a function of boron concen-
trations has been reported. 

The purpose of this work was to determine the effect of different 
boron concentrations on the mechanical properties of these steels in 
the hot metalworking temperature range. 

EXPERIMENTAL PROCEDURES 

Alloys of the three types with various boron concentrations were 
melted in a nonconsumable-electrode arc melting furnace. After melting 

•••Present address: Argonne National Laboratory, Idaho Falls, Idaho. 
2Metals Handbook, 8th ed. , Vol. 1, p. 466, American Society for 

Metals, Metals Park, Novelty, Ohio, 1961. 
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and remelting the alloy six times to ensure homogeneity, the alloys 
were drop-cast to l-in.-diam copper crucibles and chilled quickly. 
These l-in.-diam alloy rods were reduced to about 0.25 in. in diameter 
by swaging at room temperature without any intermediate annealing. To 
remove the deformed structure and obtain uniform grain size the alloys 
were given a final anneal at 1050° C for 1 hr in hydrogen and cooled 
rapidly. 

Mechanical properties were determined using a Gleeble model 510 
machine.3 This machine consists of a high-speed time-temperature control 
device coupled with a high-speed tensile testing apparatus. The tensile 
unit consists of two tandem air cylinders, which provide a maximum load 
of 10,000 lb. The desired temperature is established by use of a ref-
erence generator, which provides an electrical signal that varies with 
time in the same way as the output from a thermocouple welded on the 
specimen to follow the desired temperature. The tensile sample was 4 in. 
long by l/4 in. in diameter. Specimens were examined when they reached 
the desired temperature. No attempt was made to determine the actual 
strain rate but all rates were greater than 20$>/hr. 

For electron microscopic examination, thin specimens from the 
neighborhood of the fractured zone were cut and polished by a technique 
described elsewhere. 4 Specimens were jet polished with a mixture 
H3PO4 and 40$ H 2S0 4 at 100°C, 150 V, and 175 mA. Dissolution rate was 
0.002 in. /min. For final polishing of the dimples a solution of 6fo HCIO4 
in C 2H 50H was used at 12°C, 25 V, and 0.3 A, with a stainless steel 
cathode. Thinned and polished specimens were examined with a Hitachi 
200 kV electron microscope. 

For the microstructural examinations the boron-containing stainless 
steels were polished in the usual way. The etchant was 12 ml lactic 
acid, 38 ml HC1, and 10 ml HN03, 

3nGleeble" Model 510, Brochure of Buffers Associates, Inc., P.O. 
Box 296, Troy, N.Y. 12181. 

^C.K.H. DuBose and J. 0. Stiegler, Semiautomatic Preparation of 
Specimens for Transmission Electron Microscopy, QRNL-4066 (February 
1967). 
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RESULTS 

Determination of the very low concentrations of "boron in these 
stainless steels necessitated an accurate analytical method and a very 
good sampling technique. An optical spectroscopic method was used on 
five samples from each alloy, and the results are listed in Table 1 
along with the boron compositions calculated from starting materials. 
The grain sizes after annealing are also given in Table 1. The table 
shows that in some cases the calculated and the analyzed compositions 
differed considerably. Considering the complicated nature of the ana-
lytical and sampling processes the value calculated from starting mate-
rials was used in the interpretation of results. 

Table 1 also shows that the grain sizes of the Inconel 600 alloys 
are considerably larger than those of the stainless steels, even though 
the heat treatment and the fabrication processes were the same for all 
alloys. Concentration had no influence on the grain size. All these 
alloys showed a considerable number of recrystallization twins, and some 
very small isolated particles of second phase were observed at very high 
niagni f i cat ion. 

Tensile Strength 

Figure 1 shows the tensile strength of Inconel 600 with different 
boron concentrations at five different temperatures. At 900 and 1000°C 
the strength is somewhat variable, tending to be lower at the higher 
concentration. At 1100°C, the strength is lowest for an intermediate 
concentration of boron. At 1200 and 1300°C the boron has no influence 
on the tensile strength of this alloy. 

The tensile strength of type 316 stainless steel at different tem-
peratures and boron concentrations is shown in Fig. 2. Here the tensile 
strength at 900 to 1100°C is independent of boron concentration. But at 
higher temperatures the tensile strength decreases with the higher boron 
concentrations. 

Figure 3 shows the tensile strength of type 304 stainless steel as 
a function of boron concentration. The curves are very similar to those 
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Table 1. Boron Content of [types 304 and 316 
Stainless Steel and Inconel 600 

Boron Concentration, wt % ASTM Grain 

Added Analyzed8, 
to Melt in Ingot Annealing 

Type 304 Stainless Steel 
0.0005 0.001 6 
0.002 0.001 5 
0.005 0.005 5 
0.01 0.011 6 
0.02 0.018 6 

Type 316 Stainless Steel 
0.0005 0.0006 7 
0.002 0.0015 6 
0.005 0.0058 4 
0.01 0.0085 5 
0.02 0.016 5 

Inconel 600 
0.0005 0.0005 2 
0.002 0.0011 2 
0.005 0.004 2 
0.01 0.0045 2 
0.02 0.019 2 

spectroscopic analysis. 

1050°C in hydrogen, rapidly cooled. 
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Fig. 1. Effect of Temperature and Boron Concentration on the 
Tensile Strength of Inconel 600. 
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Fig. 2. Effect of Temperature and Boron Concentration on the 
Tensile Strength of Type 316 Stainless Steel. 
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Fig. 3. Effect of Temperature and Boron Concentration on the 
Tensile Strength of Type 304- Stainless Steel. 

for type 316 stainless steel. The tensile strength showed a "boron 
dependence only at 1300°C, where it fell with higher boron concentra-
tions. Comparison of Figs. 1 through 3 shows that Inconel 600 has 
better high-temperature tensile strength at low boron content than the 
other alloys but the strength drops more with increasing temperature, 
and type 304- stainless steel has the lowest strength for all the mea-
sured temperatures and boron concentrations. 

Ductility 

In hot working, escfcremely large stresses are applied to materials 
at high rates of strain at temperatures above 0.6 T , where T is the 
melting temperature in degrees Kelvin.5 Strength and ductility under 
these conditions depend markedly on both temperature and strain rate. 
During this investigation, temperature was controlled carefully and the 
strain rate, being fairly high, was assumed to be constant for a particu-
lar temperature irrespective of the very low composition variation. 
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5 J. J. Jonas, C. M. Seliars, and W.J.McG. Tegart, "Strength and 
Structure Under Hot-Working Conditions," Metals Mater, and Metals Rev. 
14(130), 1-24 (1967), 



7 

Figure 4 shows the reduction of area of Inconel 600 as a function 
of boron concentration taken from the tensile samples. Here the ductil-
ity increases with the temperature up to 1300°C. Boron concentration 
shows practically no influence on the ductility up to 1200°C. At 1200°C 
the ductility falls slightly at boron concentration above 0.01 wt and 
at 1300° C a marked reduction of ductility occurs for boron concentration 
above 0.005 wt % particularly at 0.01 to 0.02 wt 

100 
ORNL-DWG 71 -1020 

2 5 
BORON (wt 7o) 

Fig. 4. Effect of Temperature and Boron Concentration on the 
Ductility of Inconel 600. 

Figures 5 and 6 are the plots of reduction of area at different 
temperatures for types 316 and 304 stainless steel, respectively. The 
trend is similar to the behavior of Inconel 600, the ductility shows a 
marked reduction at higher temperatures (1200 to 1300°C) and boron con-
centrations above 0.005 and 0. 01 wt °jo for types 316 and 304 stainless 
steel, respectively. 



8 

ORNL-DWG 7 1 - 1 0 2 4 

Fig. 5. Effect of Temperature and Boron Concentration on the 
Ductility of Type 316 Stainless Steel. 
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Fig. 6. Effect of Temperature and Boron Concentration on the 
Ductility of Type 304 Stainless Steel. 
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Microstructural Examination 

Figure 7 shows transverse and longitudinal sections of the micro-
structure of type 316 stainless steel. The specimen contains 0.02 wt $ B 
and was pulled at 900°C. The transverse sections show that the grains 
are extremely fine, and the slip hands have "been decorated with carbon 
that precipitates from solid solution when the sample cooled rapidly 
after fracture. The longitudinal section shows that the grains are 
elongated and not equiaxed. Thus the structure is not recrystallized. 
Microstructural examinations of a similar specimen of type 304 stainless 
steel with the same treatment disclosed similar structures. 

Figure 8 is a transverse section of Inconel 600 containing 
0.0005 wt $ B. Comparing this photomicrograph to Fig. 7(a) shows that 
the grain size of Inconel 600 is larger than that of the stainless 
steels and there is less evidence of decorated slip bands in the 
microstructure. 

Figure 9 is a transmission electron micrograph of type 316 stainless 
steel containing 0.01 wt $ B and deformed at 900°C. This micrograph is 
typical of a heavily deformed structure contslning densely packed walls 
of dislocations separating subgrains about 2500 A in diameter. Some sub-
grains are elongated and some are free of dislocations. 

Figure 10 shows the microstructure of the same steel deformed at 
1300°C. Here, high dislocation densities are not found; the material 
has obviously recrystallized. 

The differences in properties of type 316 stainless steel and the 
Inconel 600 alloy with variations in boron content could not be explained 
by the limited electron microscopy performed. Variations in substructures 
did not correspond to the changes in mechanical properties and this may be 
due to the difficulties in obtaining representative electron micrographs 
near the fractured surface of the sample. 

CONCLUSIONS 

High boron concentration reduced the strength of Inconel 600 at the 
lower temperatures but had no effect at 1200°C and above. Conversely, 
types 316 and 304- stainless steel were affected at the higher temperatures 
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Fig. 7. Cross Sections of Ttype 316 Stainless Steel Containing 
0.02 wt io B Deformed at 900°C. (a) Transverse section. (b) Longitudinal 
section. Strength and ductility of this specimen were 4-2,000 psi and 
72$, respectively. 
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Fig. 8. Transverse Section of Ineonel 600 Containing 0.0005 wt 
Deformed at 900°C. The strength and ductility of this sample were 
48,000 psi and 82$, respectively. 
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Fig. 9. Transmission Electron Micrograph of Type 316 Stainless 
Steel Containing 0.01 wt $ B and Hot Worked at 900°C. 
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Fig, 10. Transmission Electron Micrograph of Type 316 Stainless 
Steel Containing 0.01 wt $ B and Hot Worked at 1300°C. 
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and boron concentrations but not at temperatures below 1100°C. At high 
temperature and boron concentration all these alloys showed a reduction 
of ductility. 
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